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EDITORS' FOREWORD 

Why have we taken the time to edit a volume about landslides? To our 
colleagues in graduate school one of us was a paleontologist and the other 
an igneous petrologist. In spite of this, and with college courses that 
emphasized bedrock mapping, we have had to learn to deal wi~h landslides. 
The focus on bedrock was designed to prepare students for the oil and 
mining industries and persists in many geology programs. But increasing 
numbers of graduates in southern California now become engineering 
geologists. We suspect that many of them still experience the rude 
awakening to the prevalence and variety of landslides in this semi-arid 
environment. We hope that this volume will, at least, soften the blow 
and perhaps encourage more geology programs to stress the art of landslide 
recogni tion. 

It is a mistake to underestirnate the landslide hazard just because 
single events do not appear to match the devastation of a great earthquake 
or a volcanic eruption. Small damaging slides are commonplace and the net 
cost is a serious burden on an urban community. Furthermore, the manner of 
urban development can change the frequency and cost of landslides '. for 
better or worse. Landslide mitigation is now recognized as one of the most 
cost-effective responses to a geologic hazard. 

This obvious source of employment for geology graduates is not the only 
reason to teach landslide mapping. We must admit that failure to recognize 
landslides routinely leads to misinterpretation of bedrock geology and can 
thus corrupt even pure research. 'Unfortunately it is not just a matter of 
recognizing classic rotational slumps in soils and layered sediments. We 
include examples of massive, yet cryptic, slope failures in crystalline 
bedrock. In the field guides we give many examples of landslides with 
atypical morphology; some are unusual because the mechanism IOf failure or 
the rock type is unusual; others are simply old and largely integrated into 
the modern landscape. The papers focus on landslides that are now in a 
semi-arid environment. It must be understood that some of them may have 
been inherited from wetter paleoclimates, although we point out that this 
popular hypothesis is not always straightforward. 

The contributors to this volurne include state and federal geologists, 
private consultants, lawyers, and university faculty. Many sent state-of
the-art research papers on landslide analysis and mitigation. We have 
combined them with case histories, examples of consultants' reports, and 
reviews of terminology and standard practice in order to accommodate 
readers with a sound grasp of geology, but little or no experience with 
landslides. 

The material is presented in three parts. Topical papers make up part 
one; they discuss the origin, recognition and repair of landslides, 
including legal and financial aspects. The treatment of possible 
triggering agents includes rainfall, fire and earthquakes. Part two pre
sents examples of landslide analysis in the contexts of regional planning, 
local developement, and recovery after a disaster. In part three there are 
four field guides for those who wish to learn from local examples in the 
field. 
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viii Topical Papers 

PREFACE 

The first part of this volume gathers together ten original topical 
papers that discuss key aspects of the origin, recognition and repair of 
landslides. These papers are preceded by a reprint of an agency report on 
landslide nomenclature (Campbell et al.). The report examines the familiar 
Varnes classification of landslides, but with special regard to the issue 
of flood insurance. It considers the use of landslide terminology by non
geologists, and the legal consequences of any confusion. All contributors 
to this volume were requested to follow the Varnes classification of 
landslides. 

The topical papers are followed by a review of the basic mechanics of 
slope failure (Lee and Sadler) as applied to nomenclature and the 
determination of factors of safety. This material is a prerequisite for 
many of the other papers; it is also available in many texts and, of 
course, very well known to engineering geologists. The review is included 
so that the volume may better serve the uninitiated as a self -contained 
introduction to landslides. 

Three of the topical papers discuss landslide repair and recognItIon. 
Leighton and Clark recount the history of recognition and repair strategies 
in southern California. Robertson and Hollingsworth explain how to use 
damaged structures in the diagnosis of landslides. Jones and Park apply 
geophysical techniques to landslide recognition. 

The next four topical papers deal with some economic (Bernknopf et 
al.), legislative (Slosson and Slosson) and legal (Hecht; Casselman) 
aspects of landslide mitigation. The authors of the four papers include 
economists, geologists and lawyers; they combine experience at many levels 
of federal, state, academic and private practice. The result is an 
uncommonly well-founded set of recommendations for agency and private 
proced ures. 

The last three topical papers detail factors that influence landslide 
frequency: rainfall, snowfall and fire (Minnich); rainfall, permeability 
and pore pressures (Wilson); earthquake magnitude, seismic shaking 
intensity, slope, and geologic materials (Keefer and Wilson). 
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PREFACE 

A cooperative study by the U. S. Geological Survey (USGS) and the Fed
eral Emergency Management Agency (FEMA) was undertaken, at the request of 
FEMA, to evaluate the feasibility of identifying U. S. areas that have a 
potential for hazard from mudflows and other landslides. The work was done 
under the interagency Agreement EMW-E-I042. The project officer for FEMA 
was Arthur J. Zeizel; the project monitor for the USGS was Russell H. 
Campbell. The study consisted of four parts: 

A: Classification. A well-documented, widely accepted scientific 
classification and system of nomenclature was adopted. Landslide classes 
were selected to represent the geologic-hydrologic continuum of slope and 
channel mass-transport events. The classes were listed according to the 
relative proportion of wet flow among the various mechanisms represented. 
Tables were prepared that treated the classes of landslide in terms of 
recognition, triggering events, kinds of damage, and association with ot her 
events (e.g. earthquakes, rainstorms, volcanic eruptions). 

B: Susceptibility. Methods for mappilllg areas of potential hazard 
were summarized, with a preliminary estimate of the costs involved. 

C: Priorities. Obvious priorities among U. S. areas were identified 
and means for evaluating priority were discussed. 

D: Economics. The cost-effectiveness of prediction and mitigation 
activities was examined in a pilot study of an area in Hamilton County 
(Cincinnati), Ohio. 

Each of the four parts is a chapter of Open-File Report 85-276 
("Feasibility of a Nationwide Program for the Identification and 
Delineation of Hazards from Mudflows and other Landslides"). This paper is 
Chapter A, the classification, from that report. 
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INTRODUCTION 

The adoption and summary review of a wide
ly accepted, systematic landslide classific
ation is a necessary first step in the eval
uation of the feasibility of a nationwide 
program to identify areas at risk from mud 
flows and other landslides. At the request 
of the Federal Emergency Management Agency 
(FEMA), a joint effort was undertaken by the 
U.S. Geological Survey (USGS) and the FEMA to 
address the needs of FEMA programs in flood 
insurance, disaster assistance and hazard 
mitigation. The report of the National Re
search Council (NRC) Committee on Methodolog
ies for Predicting Mudflow Areas (1982) 
addressed FEMA concerns that floodplain maps 
do not identify areas of mud flow hazard for 
the purposes of the "mudslide" provisions of 
the National Flood Insurance Program (NFIP), 
and has indica ted that "clear water floods, 
mud floods, mud flows, and other landslides" 
constitute a flood-landslide continuum. 

The NRC Committee addressed the distinc
tion between floods and landslides, and iden
tified mud floods as floods in contrast with 
mud flows as landslides, but did not address 
the distinctions between mud flows and other 
landslides. Discriminating between "mud
slides (i.e., mudflows)" and other landslides 
remained a primary concern in the FEMA admin
istration of the mudslide provisions of the 
NFIP. Mud flows and other landslides also 
pose a nationwide potential for disaster 
(causing major damage annually to 4/5 of the 
States of the U. S.) and are, therefore, also 
important to FEMA administration of programs 
in Disaster Assistance and Hazard Mitigation. 

NFIP regulations treat floods and "mud
slides (i.e., mudflows)" together, while 
addressing other landslides as different 
phenomena, even though many individual events 
display some properties common to all three. 
Consequently, evaluating the feasibility of 
nationwide identification of areas suscept
ible to "mudslides (i.e., mudflows)", and of 
areas susceptible to other landslides that 
might constitute a National disaster, re
quires addressing several questions: 

1. What hazardous conditions and natural 
processes are technically appropriate for 
inclusion under terms such as "floods", "mud
slides", and "other landslides"? 

2. What levels of comprehensiveness and 
accuracy are required in delineating the 
potentially hazardous areas? 

3. What are the pro ba ble costs for dif -
ferent methods of identifying and delineating 
areas of potential hazards? 

4. Can a methodology having a satisfactory 
level of comprehensiveness and accuracy be 
developed, that can be applied on a nation
wide basis, for which the costs and schedules 
for completion are within reasonable bounds? 

The actual selection of specific kinds of 
events to be included in a nationwide program 
of identifying mud-flow and other landslide 
hazards is a socio-poli tical decision, as is 
the choice of standards for accuracy and com
prehensi veness. On the other hand, technical 
expertise can provide a uniform descriptive 
terminology for adoption as an aid to consis
tency within and between the technical and 
regulatory language regarding landslides. 
Technical analysis can also suggest options 
that permit the socio-political decisions to 
be made in a context that includes consider
ation of the "trade-offs" in accuracy, com
prehensi veness, and costs of implementing 
hazard-identification programs. 

Using an established classification sys
tem, the evaluation of the feasibility of a 
program to identify areas at risk from mud 
flows and other landslides can proceed to 
examine various methods that might be util
ized in delineating landslide suscepti bili ty, 
and to make some approximate estimates of 
their costs. In seeking that objective, 
technical aspects of the above questions 
have been addressed in a sequence of steps: 

1. Adoption of a well-documented widely 
accepted classification system and systematic 
nomenclature -- specifically, that of Varnes 
(1978) -- as a basis for naming and describ
ing various kinds of landslide processes. 

2. Selecting a number of landslide terms 
to represent the wide variety of kinds of 
landslides in the geologic-hydrologic con tin
u um of slope and channel mass-transport 
events, and listing them in an array that re
flects some consensus as to the rela ti ve 



proportion of wet flow among the mechanisms 
associated with each kind. 

3. Listing, with the above array, the 
general characteristics that might be used to 
recognize which class of landslide has occur
red, the most common kinds of damage to be 
expected, and the most common triggering ev
ents. The array can then be considered as 
one of the means for correlating regulatory 
language regarding NFIP distinctions between 
mud flows and other landslides with technical 
aspects of recognition and classification. 
It can also be used to identify and describe 
the kinds of mud-flow and other landslide 
events that are most likely to result in 
disaster declarations, and those most likely 
to be associated with other disaster-causing 
events such as rainstorms, earthquakes, and 
volcanic eruptions. 

4. Summarize existing methods and capa-
bili ties for delineating areas of potential 
hazard from mud flows and other landslides, 
together with some preliminary estimates of 
the costs for their implementation (Campbell, 
1985a). 

5. Identify obvious preliminary priority 
areas for landslide hazard identification and 
evaluation in the conterminous U. S., and 
discuss the methods by which priorities for 
the delineation of susceptibility to mud 
flows and other landslides can be addressed 
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in more detail (Campbell, 1985b). 

6. Examine the economic value and the 
cost-effectiveness of utilizing regional 
topographic and geologic infonnation as a 
basis for predicting where mitigation activ
ities are most likely to be needed (Bern
knopf, et al., 1985). 

To identify the hazardous conditions and 
events in a context that avoids inconsist
encies between technical definitions and 
regulatory statements, requires agreement on 
terminology used in both administrative and 
technical definitions. For this report, the 
classifica tion system of Varnes (1978) has 
been adopted because it is a widely accepted, 
well documented, systematic technical class
ification that is readily available as a 
pu blished document. As such, it can be used 
in an interactive process of review and 
revision by both technical and administra ti ve 
personnel, as well as a basis for further 
discussion of questions of comprehensiveness, 
accuracy, sched ule, and cost. 

LANDSLIDE CLASSIFICATION 
AN][) " .NOMENCLATURE 

The evolution of landslide nomenclature 
(distinctive names for different kinds of 
events) has been largely unsystematic. The 
introduction of new terms has generally been 
a one-at-a-time reflection of new observ-

TYPE OF MATERIAL 
TYPE OF MOVEMENT ENGINEERING SOILS 

BEDROCK 
I Predominantly Coarse Predominantly Fine 

FALLS Rock Fall Debris Fall I Earth Fall I 

TOPPLES Rock Topple Debris Topple I Earth Topple 
I 

ROTATIONAL FEW Rock SllJ11) Debris SllJ11) I Earth Sl~ 
UNITS L 

SLIDES Rock Block Slide Debris Block Slide I Earth Block Slide 
TRANSLATIONAL ----- I MANY 

UNITS Rock Sl ide Debris Sl ide I Earth Sl ide 
I 

LATERAL SPREADS Rock Spread Debris Spread I Earth Spread 
I 

Rock Flow Debris Flow I Earth Flow 
FLOWS (Deep Creep) (Soil Creep) 

COMPLEX Combination of two or more principal types of movement 

Figure 1: Classification of slope movements (from Varnes 1978). 
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ations and physical measurements. Classific
ation systems generally have been devised 
subsequent to the first uses of the names 
that appear in the classifications. 

Classifica tion systems are generally 
erected with the purpose of examining the 
similarities and differences between events 
for systematic changes. Numerous landslide 
classifications have been devised by geolog
ists and engineers. Several different systems 
have been widely used by different workers in 
different parts of the world, different parts 
of the U.S., and even by different workers in 
the same areas. Each system has been devised 
with a somewhat different perspective 
regarding the most important factors. 

One resul t has been that some similar 
events have been called by different names 
in different classification systems, and, 
conversely, different kinds of events have 
been called by similar names. Consequently, 
landslide class names and terms that are 
not referenced to some specific clas
sification system can be uninformative and 
confusing. Popular media usage of terms 
such as "mudslide" also contributes to 
confusion in landslide nomenclature. 

The most comprehensive recent classific
ation available, and one that also approaches 
nomenclature systematically, is that of D. 
J. Varnes (1978). Varnes' tabulation showing 
the general classes of slope movements is 
reproduced as figure 1. His classification 
and nomenclature give primary consideration 
to the type of movement and secondary consid
eration to type of material. His systematic 
nomenclature utilizes names compounded of 
terms for mechanism of mass movement down
slope and for the kind of material consti tu t
ing the moving mass. 

The simple names in figure I can be made 
progressively more detailed and informative 
by expansions using carefully-defined des
criptor words. Where important components 
of complex landslides can be identified, 
names are compounded (e.g., slump-earth 
flow). Additional modifiers or special names 
can be used to describe rates of movement, 
wetness, and special triggering factors, if 
known. For a more comprehensive discussion 
and for references to original sources, the 
reader should consult Varnes' (1978) article 

and illustrated table, which is reproduced 
here as PIa te 1. 

For the purposes of this report, Varnes' 
orderly tabulation of types of movements and 
source materials has been revised to present 
an array that retains his broad grouping 
according to dominant type of movement, but 
separates wet flows and dry flows, and arran
ges landslide terms in order of decreasing 
general importance of wet flow as a compon
ent of the mechanism of movement (Plate 2). 

The array of Plate 2 is intended to illus
trate the similarities and differences that 
are of greatest concern to FEMA's National 
Flood Insurance Program (NFIP). The inclus
ion of common triggering events also assists 
in identifying the kinds of landslides most 
likely to involve the FEMA Disaster Assist
ance Programs. Most of the landslide classes 
listed in Plate 2 are described and ill us
trated by Varnes (1978). Plate 2 also in
cludes field recognition criteria by which 
most of the factors critical to classific
ation can be identified. 

TRANSPORTING MECHANISMS 

Varnes (1978) describes landslide mechan-
isms using the terms "Falls, Topples, 
Rotational Slides, Translational Slides, 
Lateral Spreads, Flows, and Complex." The 
following summary descriptions have been 
excerpted or abstracted from Varnes, and the 
reader is referred to that paper for more 
detailed discussions together with references 
to usage of the terms by other workers: 

Falls 

Detached masses of any size move down 
steep slopes or cliffs with little or no 
shear displacement between the materials 
originally in contact, and descend mostly 
through the air by free fall, bouncing, or 
rolling. 

Topples 

The moving masses detach and pivot outward 
from the slopes about axes or points below 
the center of mass (commonly near their basal 
contacts with the stable parts of the slope), 
imparting overturning moments (out of the 
slope) to units of mass in motion, similar to 



earliest stages of rolling. 

Slides 

The detached masses remain in cOllLstan t 
sliding contact with the underlying stable 
slope materials, with shearing movement tak
ing place along the surface of contact. In 
many slides, chiefly those that move slowly 
over few irregularities in the basal slip 
surface, relative movement within the moving 
mass, if any, takes place on a relatively few 
internal shear surfaces that divide the 
mass into a relatively few discrete sub
units. Many other slides, however, are 
greatly disrupted and consist of many indiv
idual units. The principal resistance to 
mass movement in slides results from fric
tional forces acting on the rupture surfaces. 

Rotational Slides occur along surfaces of 
rupture that are curved concavely upward 
imparting a backward (into the slope) tilt t~ 
the moving mass or its major subunits. 
Concave-upward rupture surfaces most commonly 
form within relatively homogeneous materials. 

Translational Slides occur along rupture 
surfaces that are generally planar or gently 
undulatory. Planar rupture surfaces most 
commonly follow pre-existing discontinuities 
such as bedding planes, faults, joints, or 
the bedrock-regolith interface. The degree 
to which the moving mass is disrupted during 
displacement is commonly a function of the 
degree to which the rupture surface departs 
from the planar, and the distance the mass 
has moved. 

Lateral Spreads 

Flat to gently dipping translational dis
placement can result in overall extension (or 
"spreading") of detached, coherent masses, 
which move toward a free face on a basal 
shear surface or on subjacent material that 
has deformed by liquefaction or plastic flow. 
Spreading can also occur as a result of 
distributed shear in a mass of bedrock with
out evidence of a well-defined basal shear 
surface or zone of plastic flow. 

Flows 

Moving masses having internal differ(:ntial 
movements that are distributed throughout the 
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mass are termed "flows." In earth and debris 
masses the differential movements can be 
intergranular, and visible shear surfaces may 
not form; or differential movements can take 
place on closely spaced shear surfaces, some 
or all of which may be short-lived and heal 
without leaving clear evidence in the 
deposits. Movements in bedrock that may be 
descrilbed as a form of flow are extremely 
slow and distributed among many closely 
spaced fractures. 

Be(~ause wet flow and associations with 
flooding are important to FEMA's adminis
tra tion of the NFIP, flow mechanisms are here 
separated into "wet flow" or "dry flow." 
Wet flows are further subdivided depending 
on whether the moving masses consist of 
cohesive materials capable of retaining their 
water content during slow plastic deform
ation, or of non-cohesive materials from 
which water tends to drain relatively quick
ly, leaving a relatively stable deposit. 

Flows (and f10wlike movements) in bedrock 
includle deformations that are distributed 
among many large or small fractures, includ
ing microfractures, without the concentration 
of displacement along a through-going rupture 
surface. They may result in folding, bend
ing, bulging, or other nlanif esta tions of 
plastic behavior, and the internal distrib
ution of velocities may simulate that of 
viscous fluids. 

Wet flows (in earth and. debris) In non
cohesive (relatively) flows, internal dis
tribution of differential velocities varies 
systematically throughout the fluid mass. 
In cohesive (relatively) flows, the internal 
distribution of velocities resembles that of 
a plastic body in plug flow, and the moving 
masses are usually bounded by visible shear 
surfa<~es. Gradations between these cohesive 
and llLon-cohesive extremes include plug flows 
that are bounded by zones of distributed 
velocities rather than visible boundary 
shears, and that do not display internal slip 
surfaces. 

In describing viscous fluids, the terms 
"Newtonian" and "non-Newtonian" are frequent
ly used to describe differences in properties 
that affect flow rates. Newtonian fluids 
are single-phase fluids having viscosities 
that are unique to a particular fluid 
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composi tion at specif ied temperatures. Ex
amples of Newtonian fluids are water, machine 
oil, honey, glycerine, and pitch. In Newton
ian fluids, the flow rate varies inversely 
with viscosity and is a linear function of 
applied shear stress. 

Non-Newtonian fluids include the polyphase 
fluids (such as mixtures of Newtonian fluids 
with solid particles or immiscible liquids) 
that behave as though their viscosities 
depend on the amount of admixed solid par
ticles. Examples of non-Newtonian fluids are 
clay slurries, oil-well drilling muds, ketch
up, paint, mustard, mayonnaise, wet concrete, 
natural mud flows and debris flows, and 
flowing lava. In non-Newtonian fluids, the 
flow rate of the material varies non~linearly 
with the shear stress, so that velocity and 
runout are difficult to predict. 

Dry flows Granular materials such as 
silt, sand, and fine gravel can flow down
slope with internal distribution of veloc
ities accommodated by grain-to-grain inter
action, wi thou t the development of boundary 
or internal slip surfaces. Trapped or en
trained air may provide an important fluid
izing component, especially in the develop
ment of earthquake-triggered loess flows and 
in extremely rapid rock-fragment flows 
initiated as rock falls. 

Complex 

Slope movements that exhibit more than one 
of the major rIlodes of movement are termed 
"complex." Nearly all landslides are complex 
to some degree9 and "complex" is only rarely 
used in naming the landslide class. 

Different parts of a landslide mass can 
move by flowing and sliding simultaneously, 
or a single mass may move by toppling, 
falling, sliding, and flowing in sequence. 
Landslide class names generally serve to 
identify the dominant mechanism and material, 
with or without the addition of descriptor 
terms. In instances of major changes during 
the movement of a mass, where two or more 
kinds of movement can be clearly identified, 
terms are commonly hyphenated. For example, 
an extremely rapid rock-fragment (or debris) 
flow that begins as a rock fall from a high 
mountain cliff can be termed a "rock 
fall-debris flow" (or a "rock fall-debris 

avalanche"), or a rapid debris flow generated 
by a soil slip can be termed a "soil slip
debris flow." 

RATES OF MOVEMENT 

Mechanisms and rates of movement are 
closely associated; however, most mechanisms 
operate over a range of rates that overlaps 
with the ranges of other mechanisms. Con
sequently, names that emphasize high or low 
ra tes of movement, such as "avalanche" or 
"creep," may not provide satisfactory infor
ma tion a bou t the mechanism of movement. The 
rate scale used by Varnes (1978) includes: 

Extremely Rapid 

Very Rapid 

Rapid 

Moderate 

Slow 

Very Slow 

Extremely Slow 

10ft/sec or greater 
(3m/sec or greater) 

1 ft/min to 10ft/sec 
(O.3m/min to 3m/sec) 

Sft/day to 1 ft/min 
(l.Sm/day to O.3m/min) 

Sft/mo to Sft/day 
(l.Sm/mo to l.Sm/day) 

Sft/yr to Sft/mo 
(l.Sm/yr to l.Sm/mo) 

Ift/Syr to Sft/yr 
(O.06m/yr to I.Sm/mo) 

less than Ift/S yr 
(less than O.06m/yr) 

The rate of movement of any slide or flow 
can, of course, change quickly. Slides that 
move at rates described as moderate to slow 
are commonly at or near equilibrium between 
gravitational forces tending to drive the 
mass downslope and the frictional forces that 
resist sliding and/or internal def orma tion. 
Movement at rates described as moderate to 
very rapid commonly reflects sufficient dis
equilibrium so that rapid acceleration and 
decelera tion can occur. 

An extreme example is provided by rapid 
debris flows that develop from soil slips in 
colluvial soils on steep hillsides. Creep in 
colluvial soils on hillsides is generally 
extremely slow and may be undetectable. When 
saturated as a result of heavy rainfall or 
rapid snowmelt, thin slabs of the material 
can fail as soil slips, with a relatively 
slow initial rate of movement. If the 
moisture content of the moving mass equals or 
exceeds the liquid limit of the saturated 
rna terial, remolding caused by the slide 
movement can result in a change-of -state from 



a solid, sliding slab to a fluid slurry that 
moves by flow. The change-of -state to a 
fluid is accompanied by a sudden, drastic 
reduction in the frictional resistance to 
movement, so that even though the gravit
ational driving forces remain constant, the 
mass accelerates downslope and can reach very 
rapid speeds. 

LOCATION AND GEOMETRY 

The geometric forms of underlying slip 
surfaces and the steepness of the slopes 
where landslides originate and over which 
they move provide important limits on the 
kinds of transporting mechanisms, distance 
and rate of movement, and the degree of in
ternal disruption of the materials in the 
moving masses. In addition, runout distances 
for debris flows and mud flows are greater 
for thicker (or deeper) flows, and depths can 
be maintained over relatively gentle grad
ients if the flows are confined within Ichan
nels. 

Sla bs and blocks of bedrock or cohtesi ve 
soil, for example, can move farther with less 
internal disruption over planar slip surfaces 
than over surfaces that are concave upward, 
such as are characteristic of rotational 
slides. In general, geologic discontinuities 
such as bedding planes, joints, and faults, 
that may serve as preexisting surfaces of 
weakness along which sliding can occur, tend 
to be planar in form. Consequently, land
slides with slip surfaces along such discon
tinuities tend to be blocky or slabby in 
form, and may originate in areas having 
slopes that range from very steep to very 
gentle; the principal factor in determining 
the susceptibility to movement is the geo
metric relation between the orientation of 
the surfaces of weakness and that of the 
topographic slope. 

For many kinds of landslides, hillslope 
steepness is a major factor in determining 
susceptibility to slope movement. Carn.pbell 
(I980) presented generalized graphic re:pres
entations of these relations, reproduced here 
as figures 2-4. Note that because the 
diagrams were developed for an area where 
some kinds of landslides are not known to 
ha ve occurred, the landslide classes re:pres
ented are not comprehensive. Important land
slide classes, such as quick clay flows, are 
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mISSIng because the diagrams apply only to a 
specific area that lacks quick clay flows. 
N early all kinds of landslides are most 
common on slopes greater than 3: I (18 
degrees); fewer, but still significant kinds 
of landslides originate on slopes greater 
than 5:1 (I I degrees) and less than 3:1. 
Landslides that originate on slopes less 
than S:l generally require extremely weak 
materials or preexisting surfaces with low 
shear resistance; commonly, but not invar
iably, earthquake shaking or construction 
excavation serves to trigger their movement 
toward a free face. 

Rainstorm-triggered soil slip··debris flow 
failures commonly originate on slopes steeper 
than 3: I, and deposition generall y begins on 
slopes gentler than 5:1. Moreover, runout 
over slopes less than 5:1 of debris flows 
generated on steeper slopes above generally 
does not exceed a few h undred feet, except 
where flow is confined to a channel. (See 
fig. 2 notes.) 

MATERIALS 

Varnes (I978) adopted four terms to de
scri be material in vol ved in slope movements 

"bedrock" and "engineering soils," with 
"debris" and "earth" as subsets of engin
eering soils: 

1. Bedrock designates hard or firm rock 
tha t was in tact and in its natural place 
bef ore the ini tia tion of movement. 

2. Engineering soil includes any loose, 
unconsolidated or poorly cemented aggregate 
of solid particles, generally of natural 
mineral, rock, or inorganic composition and 
either transported or residual, together with 
'any Imterstitial gas or liquid. Natural 
soils rna y contain variable amounts of organic 
material. 

a. Debris refers to an engineering soil, 
generaUy surficial, that contains a signif
icant proportion of coarse rna terial. 
"Debris" may be used to specify material in 
which 20 to 80 percent of the fragments are 
grea ter than 2 mm (0.08 in) in size, and the 
remaining fragments less than 2 mm. 

In distinguishing debris flows from mud 
flows, Varnes (I978) restricts the term "mud 
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Figure 2. Relation of soil slips and debris flows to slope (from Campbell, 1975). 

Note: According to an inventory by D. M Morton (written communication, 1975) of soil slips 
that occurred eluring the heavy rainstorms of the 1969 winter season in the area adjacent to 
the Santa Clara River, Ventura County, California, there were a total of about 32,730 indiv
idual scars counted in an area of about 550 square miles (about 10.5 7.5 minute Quadrangles). 
The slope interval for each was identified from slope maps that had been prepared by 
photochemical methods from the topographic Quadrangles. The results are tabulated below: 

Slope Interval Number of Scars Proportion of Total Scars 

0-20%. 126 0.4% 
20-33% 812 2.5% 
33-50% 2,390 7.3% 
50-67% 4,978 15.2% 
67%+ 24,424 74.6% 

The figures above have not been adjusted for local irregularites in the slope intervals. 
Examination of selected scars in the low slope intervals (0-20%), 20-33%) shows that many are 
headed on slopes that are locally steeper than the slope interval on the map. 
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Figure 3. Relation of landslides in bedrock to slope (from Campbell, 1975) 

Note: Because this figure was develop(~d for landslides in a small part of southern Califor-
nia, it is not comprehensive with respect to all landslide classes in the United States. 

flow" for rapidly moving, wet earth flow that 
contains at least 50 percent fragments small
er than 2 mm, whereas ' "debris flow" denotes 
a rapidly moving earth flow that contains 
more than 50 percent fragments coarser than 
2 mm in size. It should be noted, however, 
that both "debris flow" and "mud flow" have 
been used in a broader sense (e.g., Sharp and 
Nobles, 1953, Middleton and Hampton, 1973, 
and Campbell, 1975) to refer to flowing 
slurries with more regard for their flow and 
depositional characteristics than to their 
proportional contents of rock fragments 
coarser than coarse sand size (2 mm). 

b. Earth connotes material in which about 80 
percent or more of the fragments are smaller 
than 2 mm; it includes a range of rock and 
mineral fragments from non-plastic sand to 
highly plastic clay. 

During landsiide movemen.t, slope materials 
are subjected to different degrees of in
ternal disruption; therefore, those parts of 
landslide class names that describe materials 
can change as the mass moves downslope. 
Falling bedrock blocks can. be broken by 
impact and bouncing into Inixtures of rock 
fragments appropriately termed "debris." 
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Figure 4. Relation of landslides in unconsolidated material to slope (from Campbell, 1975). 

Note: Because this figure was developed for landslides in a small part of southern Califor-
nia, it is not c:omprehensive with respect to all landslide classes in the United States. 

Engineering soils (including debris) can be 
disrupted by discrete slip surfaces into 
blocks. Enginee:ring soils may also become 
completely disaggregated into their constit
uent particles. Some special kinds of parent 
materials can ble altered in place by dynamic 

shaking during an earthquake. For example, 
som(~ layers of wet sand can undergo lique
faction and flow, which causes "sand boils", 
and dry loess (wind-deposited silt and sand) 
with porous structure may collapse into dry 
flow. 



MOISTURE 

Varnes (1978) adopted the following 
descripti ve terminology to descri be the 
moisture content of landslide masses: 

Dry 

Moist 

Wet 

Contains no visible moisture. 

Contains some water but no free 
water and may behave as a plas
tic solid but not as a liquid. 

Con tains enough water to behave 
in part as a liquid, has water 
flowing from it, or supports 
significant bodies of standing 
water. 

Very Wet Contains enough water to flow as 
a liquid under low gradients. 

It is important to note that the foregoing 
terminology refers to the visible "wetness" 
of moving landslide masses, rather than to 
the degree of saturation of pores with water 
or to the pore pressures in and beneath the 
mass. 

SCAR AND DEPOSIT 
CHARACTERISTICS 

The scars remaining on hillsides, from 
which masses have detached and moved down 
slope can, in many instances, provide defin
itive evidence of the character of the parent 
material and the geometry of the initial slip 
surface (whether planar or curved, steep or 
gen tie). The geometry of crown scars can 
also indicate whether break-away occurred on 
preexisting geologic structures, which com
monly have linear traces and planar shapes, 
or on arcuate surfaces propagated through 
relatively homogeneous materials. For falls, 
examination of fresh scars on cliffs and 
bluffs can provide a basis for estimating 
initial volumes. For flows, examination of 
erosional and depositional features in drain
age channels through which they moved can 
yield clues as to moisture con ten t and rates 
of movement. 

The form and geometry of deposits provide 
evidence from which interpretations of mech
anism can be made. Non-cohesive flows leave 
trains of debris in confined channels at low 
gradients, and leave lobes, fans, and sheets 
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of debris or mud on unconfined gentle slopes; 
the deposits tend to drain rapidly and to 
remain stable except when overridden by sub
sequent debris flows. Cohesive flows common
ly have steep lobate toes with transverse 
ridges, radial cracks, and longi tudinal 
ridges. 

Solifl uction and soil creelP tend to leave 
no scars (or very inconspicuous ones), and 
small, multiple lobes are characteristic of 
solifluction. Gulls, ridge-crest trenches, 
and less distinct open cracks are commonly 
associated with cambering, sackungen and the 
slow toppling deformation of near-surface 
bedrock structures. Blocks rotated into the 
slope are diagnostic of rotational slumps, 
whether in bedrock or in engineering soils. 
Blocks rotated out of the slope are iden
tified as topples. 

The internal fabric of the deposits gener
ally provides diagnostic evidence by which 
mud-flood and mud-flow origins can be distin
guished; however, the depositional landforms 
and the geologic settings of the deposits 
can also be of assistance in recognizing the 
mechanism of emplacement. Matrix-supported 
conglomerates in bodies with lobate fronts or 
as steep "alluvial" fans at the mouths of 
small, steep drainage basins indicate debris
flow ongln; internal bedding lamina tion, 
graded bedding, and a relatively flat "flood 
plain" with an incised channel indicate that 
a flood or mud flood is the origin. Of 
course, mud flows and mud floods can both 
occur in mountain canyons and some "alluvial" 
fans include both mud-flow and mud-flood 
deposits; where this can o(~cur, a careful 
field examination can generally yield diag
nostic evidence. Where soil slip-debris flow 
events have occurred recently enough so that 
the scars remain visible, the likelihood that 
debris deposits downslope or downstream were 
emplaced by debris-flow mechanisms is high. 
However, the rapid obliteration of scars by 
new vegetation and the rapid regeneration of 
colluvial soils on slopes causes the ab
sence of scars to be of virtually no value as 
evidence that debris-flow activity has not 
occurred. The principal evidence for past 
debris flows is provided by the debris-flow 
deposits, most of which remain recognizable 
for thousands of years, even if dissected and 
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partly removed by major stream erosion or 
human construction activity. 

The nomenclature of the principal features 
of landslide scars and deposits is illustrat
ed for a slump-earth flow in Figure 2.1t on 
Plate 1. The names are adaptable to nearly 
all kinds of landslides, although terms like 
"main body", "head", and "toe" become much 
more obscure when applied to flows that have 
moved completc=ly out of the vicinity of their 
crown areas. The distances between crown 
scars and displaced masses (from a few feet 
for small rotational slumps to a few miles 
for some large debris flows) provide indic
a tions of the rates of move men t and the sizes 
of the areas having a potential for hazard 
from recurrences of the events. 

DAMAGING FORCES AND EFFECTS 
IN FLOODS, MUD. FLOWS, 
AND OTHER LANDSLIDES 

A standard nomenclature needs to be devel
oped and adopted to describe the effects of 
various events on structures. Several terms 
are suggested here, some of which apply to 
eff ects of both floods and landslides. 

Inundation (that is, immersion of an 
object in a fluid) is a principal cause of 
damage from floods, and debris/mud flows. 
Damage is caused by physical and chemical 
changes in materials that are ordinarily dry 

protected from wetting by foundations 
below and by roof structures above. 

Drag, the frictional and differential 
pressure forces acting on objects in moving 
streams of viscous fluids, can cause damage 
to structures surrounded by flowing water, 
mud, or debris by displacing them laterally 
from their foundations. 

Buoyancy, the lifting force that tends to 
cause structur(:s to float off their foun
dations, is another effect that is shared by 
floods and mud flows. 

Burial or partial burial by the deposition 
of sediment occurs from both floods and mud 
flows, but is also an effect of other land
slides. 

Lateral pres!!mre is built up when mud or 

debris pushes against one side of a struc
ture, whether from mud flows or debris flows, 
or at the toes of active slides. Rapidly 
flowing, turbulent floods can also develop 
lateral hydraulic forces. 

Lateral impact by a fast-moving debris 
flow poses a destructive capability from the 
momentum of relatively small masses. Lateral 
impact from boulders, trees, and other ob
jects carried by floods is accompanied by the 
hydra ulic effects of deep, fast-flowing 
water. Lateral impact can also result from 
other fast-moving landslides such as debris 
slides and rock falls. 

Impact from above requires steep slopes 
(or gradients). Rock and debris falls and 
topples are the most common sources of these 
impacts; however, debris flows in some 
mountain areas have become air-borne by flow 
over cliffs, and have impacted structures 
from above. 

Foundation failure refers to the adverse 
effects on structures from tilting, shearing 
(both laterally and vertically), and pulling 
apart of the earth materials on which struc
tures are founded, where a structure is 
founded astride the boundary of a landslide, 
or astride the boundaries of individual 
blocks that move differentially within a 
landslide. 

COMMON TRIGGERS 

Landslides can be triggered during readily 
identified exogenous events such as earth
quakes, heavy rainstorms or rapid snowmelt, 
volcanic eruptions, and other landslides. 
However, the details of the triggering 
mechanisms are sometimes not clearly defined 
by simple association with such events. 

Earthquake shaking imparts cyclical 
changes in loading on slope materials and can 
also cause liquefaction of susceptible mater
ials. Heavy rainstorms and rapid snowmelt 
tend to raise pore fluid pressures at shallow 
depths, as does rapid melting of snow and 
ice during volcanic eruptions. These dram
atic events may be associated with other 
adverse effects, both direct and indirect. 
Rainstorms may be associated with floods as 
well as landslides. Earthquake shaking can 
dir<!ctl y af f ect structures, ca use liq ue-



faction in low-lying areas, and trigger 
landslides on slopes; if the slope materials 
are saturated, some masses may move as flows. 

Landslides also result from the cumulative 
effects of less obvious events such as 
wedging by freeze-thaw or shrink-swelll cy
cles, root wedging, animal burrows, tectonic 
uplift, undercut/surcharge by natural erosion 
and deposition, undercut/surcharge from con
struction activity, and thaw of ice-bearing 
soils (permafrost). Rising ground water 
level is an important, variable triggering 
factor that may be ephemeral over a short 
term during a single rainstorm, or moderate 
to long-termed, from the cumulative rainfall 
of several storms or a season. The toes of 
large, slow moving landslides may become 
oversteepened and fail as small slumps and 
slides which, if sufficiently wet, can change 
to flows. 

MUD FLOW,MUDFLOW, 
MUD SLIDE, AND MUDSLIDE 

The definitions that presently guide the 
administration of the National Flood Insur
ance Program, as published in Title 44, Code 
of Federal Regulations (I983, p. 167-173), 
include: 

"Flood or Flooding means: 

"(a) A general and temporary condition 
of partial or complete in unda tion of 
normally dry land areas from: 

(I) The overflow of inland or tidal 
waters. 

(2) The unusual and rapid accumul
ation or runoff of surface waters from 
any source. 

(3) Mudslides (i.e. mudflows) which 
are proximately caused or precipitated 
by accumulations of water on or under 
the ground. 

"(b) The collapse or subsidence of 
land along the shore of a lake or other 
body of water as a result of erosion or 
undermining caused by waves or currents 

. . or by an unanticipated fOf(~e 

of nature, such as a flash flood or an 
abnormal tidal surge, or by some sim
ilarly unusual and unforeseeable event 
which results in flooding . . . 
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"Mudslide (i.e., mudflow) describes a 
condition where there is a river, flow 
or inundation of liquid mud down a 
hillside usually as a result of a dual 
condition of loss of brush cover, and 
the subsequent accumulation of water on 
or under the ground preceded by a 
period of unusually heavy or sustained 
rain. A mudslide (Le., mudflow) may 
occur as a distinct pheno:menon while a 
landslide is in progress, and will be 
recognized as such . . . only if the 
mud flow, and not the landslide, is the 
proximate cause of damage that occurs." 

Ambiguities, inaccuracies, and inconsis
tencies attend attempts to reconcile the 
foregoing regulatory definitions with estab
lished technical classifica tiion systems and 
descriptive terminology. The historic tech
nical usage of "mud slide" or "mudslide" 
refers to phenomena that are significan tl y 
different from those des,~ribed above as 
"mudslide (i.e., mud flow)." The assertion in 
the regulatory definitions that heavy rain
fall and absence of brush cover are usual 
conditions for the occurrence of "mudslides 
(Le., mudflows)" is inaccurate. Neither 
rainfall nor absence of lbrush cover are 
requisite conditions for the formation of mud 
flows, which begin on well-vegetated slopes 
a t least as commonly as on slopes that have 
lost brush cover, and mud flows occur in 
association with snowmelt as well as rain
fall; nor is either of those conditions 
required for the initiation of a mud slide. 

The sense in which "inundation" is used 
seems to be as a synonym for "river or flow", 
ra ther than as a cri terion for the kind of 
damage to be insured; but it is significant 
to note that inundation is only one of 
several common kinds of damaging effects that 
can be inflicted on a structure by a mud 
flow; and inundation is not at all common as 
a direct result of a mud slide. (For a more 
complete discussion of the legislative and 
regulatory background regarding this problem, 
see p. 5-10 in National Research Council, 
1982.) 

To conform with the systematic nomenclat
ure of Varnes' (I978) classification, both 
"mudslide" and "mud flow" should be written as 
two words, i.e., "mud slide" and "mud 
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flow." Both one-·word and two-word forms have 
been used, historically, without any intent 
or connotation of scientific distinction, 
and are virtually interchangeable with regard 
to technical usage. Al though the rules of 
the GPO Style Manual (1967, p. 73-130) indic
ate a preference for the one-word compound 
form, the usage of this report follows the 
two-word nomenclature of the systematic clas
sification, except where the accuracy of a 
quotation or direct reference requires other
wise. 

Mud Flow (see Plate 1, drawings 2.1r2 and 
2.1r3), in the strict sense of Varnes (1978) 
classif ica tion, denotes a very slow to very 
rapid, wet flow of cohesive or noncohesive 
earth material composed of at least 50 per
cent grains sm~lller than 2 mm. In a broader 
sense, mud flow has been used to include 
phenomena ranging from slurry flows of non
cohesive earth material having more than 50 
percen t grains larger than 2mm (e.g., Sharp 
and Nobles, 1953; Morton and Campbell, 1974) 
to very slow, plastic flows of cohesive earth 
material (e.g., Howe, 1909; Skempton and 
Hutchinson, 1969, p. 295). In Soviet liter
ature, according to Varnes (1978, p. 19), 
mud flow is u.sed to include heavily laden 
flows of wat(:r-transported sediment (mud 
floods), as well as (non-Newtonian) slurry 
flows of mud or debris. 

The Commi Uee on Methodologies for Predic
ting Mudflow Areas (National Research Coun
cil, 1982), adopted a sensu lato usage of 
"mud flow" that excluded mud floods, but in
cluded all flows having sufficient viscosity 
(by virtue of sufficient wet mud matrix) to 
support large boulders, regardless of the 
relative proportion of matrix mud to larger 
debris particles. The phenomena identified 
by this sensu lato usage of "mud flow" 
include those identified as mud flows, debris 
flows (including as used in the litera ture of 
sedimentology: e.g., Middleton and Hampton, 
1973), slow earth flows (mud slides), quick 
clay flows, and other landslides for which 
wet flow is a significant component of the 
mechanism. 

Virtually all slurry flows of noncohesive 
earth material that originate on hillslopes 
in association with heavy rainfall or flood
ing contain sufficient coarse earth material 
to fall within the scope of the sensu 

stricto use of "debris flow". Only rarely is 
coarse detritus absent to a degree that makes 
the sensu stricto use of "mud flow" approp
riate for naturally occurring, subaerial 
sl urry flows. 

Varnes (1978) includes wet, rapidly moving 
earth flows in the sensu stricto class of mud 
flows, regardless of cohesi veness. However, 
slow plastic flows of cohesive earth material 
having 50 percent or less grains smaller than 
2 mm, are more commonly termed "earth flows" 
(see Keefer and Johnson, 1983, p. 4), or "mud 
slides" (Hutchinson and Bhandari, 1971); 

Mudflow has been used in technical liter
ature to cover the same range of phenomena as 
has the two-word term, mud flow, and the two 
f onns should be considered in terchangea ble. 
The compound one-word form, mudflow, is 
preferred by the GPO Style Manual (I967), 
and is the form used in the regulations of 
the National Flood Insurance Program. For 
this report, however, in the in terest of 
consistency with the systematic nomenclature 
of the Varnes (1978) classification, the 
preferred usage is the two-word term, mud 
flow. 

Mud Slide denotes a generally slow-moving 
mass of softened clayey material which 
advances chiefly by sliding on discrete basal 
and lateral boundary shear surfaces (Hutchin
son and Bhandari, 1971). Moving mud-slide 
masses are internally deformed by plastic 
flow which may take place on internal shear 
surfaces. In U. S. technical literature, 
these f ea tures more common 1 y have been 
termed "earthflows" (Crandell and Varnes, 
1961), or "earth flows" (Keefer and Johnson, 
1983), as illustrated by diagrams 2.1r3, 
2.1s5, and 2.lt on Plate l. The definitions 
seern to exclude non cohesive flows of debris 
and mud, except as such flows might develop 
from a mud slide. However, mud slides are 
included within the range of phenomena 
desc:ri bed by the sensu lato usage of the term 
mud flow, and are not excluded by the sensu 
stricto usage of the term. 

The one-word compound, "m udslide, is the 
fonn used by Hutchinson and Bhandari (1971), 
who ascribe first usages to Fleming (1878) 
and Cailleux and Tricart (1950). (It should 
be noted that the abstract in English that 
accompanies the article by Cailleux and 
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Class of Event Lc,cat i on Covered Status of 
Phenomenon by NFIP Hazard Mapping 

Clear Water Now Mapped 
Floods Drainage 

FLOOOS Floodplains Channe l s and 
Mud Floods Alluvial Fans Yes Not 

Mud Flows Now 
LANDSLIDES Hi llslopes 

Other No Mapped 
Landslides 

Figure 5: Flood and landslide phenomena - the locations in which they occur and their status 
under the National Flood Insurance Program (NFIP), from National Research Council, 1982. 

Tricart, 1950, uses the two-word form, mud 
slide.) Brunsden (1984) has recently sum
marized the history of the terminology (bu t 
not the compounding) and many technical 
aspects of mudslides; he consistently uses 
the one-word compound. 

Mudslide is the specific compound word 
form used in the Housing and Urban Develop
ment Act of 1969, P.L. 91-152, Sec. 409 (a), 
which amended the National Flood Insurance 
Act of 1968 (42 U.S. Code, 1983, sec. 4001 
(f». 

Until recently, in most of the United 
States, "mud slide" has been regarded as an 
imprecise popular (nontechnical) term, fre
quently used by the news media to refer to a 
wide scope of events, ranging from debris
laden floods to many kinds of wet rotational 
and translational slides, and even including 
some wet rock-fall events. Both the one-word 
and two-word compound forms have been used 
in the technical literature; however, to be 
consistent with the systematic nomenclature 
of Varnes (1978) classification system, the 
usage of this report gi ves preference to the 
two-word form, mud slide. 

The report of the Committee on Methodolog
ies for Predicting Mudflow Areas (National 
Research Council, 1982) identified the kinds 
of events that should be termed "mud flows" 
as transitional from "mud floods", at the 
wet-flow end of a gradational continuum, 
from "other landslides", at the drier end. 
Figure 5, reproduced from that report, il
lustra tes the distinctions. The Commi ttee 

described those distinctions as follows: 

"The key characteristic in differen
tiating between mud floods and mud 
flows is that a mud flow possesses a 
combination of density and strength 
that will support inclusions of higher 
densi ty than water, such as boulders, 
both during transport and when the mass 
comes to rest. The ability to support 
an inclusion during transport stems 
from a velocity-dependent strength (the 
matrix viscosity) and a velocity
independent strength (the shearing 
resistance of the mass). When the 
flow comes to rest, the veloci ty
dependent strength goes to zero. 
However, . . . (if a) high density 
inclusion does not sink in the mass (at 
rest,) it is supported by 

static shearing resistance. A 
mud flood . . . does not have static 
shearing resistance. Transport of 
inclusions is possible only because of 
the strength provided by the motion of 
the fluid. When the fluid velocity 
goes to zero, the strength also goes to 
zero and the supporting capability of 
the mass is lost. All inclusions of 
higher density than the fluid (water, 
in most cases) then sink at Stokes' Law 
ra tes that depend on the viscosi ty of 
the fluid." 

The foregoing criteria serve to distin
guish mud flows from mud floods within the 
continuum of natural processes represented 
by "clear water floods, mud floods, mud 
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Class of Usage in Other NFIP 
Phenomenon Mechanism Location This Report Usage Coverage 

2 3 4 1 

Clear Water Floodplains 
Floods & Drainage 

FLOODS -------- Channels Flood Flood Flood Flood 
Mud Floods ---- Covered 

Drainage r----
Channels & Mud 

Wet Alluvial / Mud Flow (nc)S Mud-
Non-cohesive Fans Debris Flow Flow flow 

Flows / Mud-
/ sl ide ------- / 1'-----

Wet / Mud Flow (c)6 
Cohesive / Earth Flow 

Flows Mud Sl ide 
f-------- / ----

Wet Slides / Earth Lateral Spread & Equi-
(may partly or / Earth Slide or Slump vocal 
wholly change 

'1/ Debris Slide (wet) 
state to flows) Bedrock Lat'l Spread 

LAND- Hillslopes Rock Sl ide or Slump Other ----
~------

SLIDES Dry Sl ides Land- -------
(comnonly in- Debris Slide (dry) Land- Land-
sufficient Rock Slide (dry) sl ide 
moisture to Earth Block Sl ide sl ide sl ide 

generate flows) Rock Block Sl ide 

Falls and Earth Fall or Topple Not 
Topples Rock Fall or Topple Covered 

7 
Dry Sand & Dry Sand/Silt Flow 
Si l t Flows Loess Flow 

Figure 6: Flood and landslide phenomena: mud flows and other landslides. 

Notes: 

1. This column shows as: 
Coyered - the kinds of events that seem to meet all the regulatory requirements to be 
called "floods" or "mudslides (i.e., mudflows)" within the scope of section 59.1, 44 
Code of Federal Regulations (1983); 
Equiyocal - the kinds of events over which disputes have arisen about whether or not 
they are "mudslides (i.e., mudflows)"; and 
Not Coyered - the kinds of events that do not seem likely to be considered "mudslides 
(i.e., mudflows)" under current interpretations of section 59.1, 44 Code of Federal 
Regulations (1983). 

2. Usage in figure 5, from National Research Council, 1982. 
3. Approximate usage in Russian and eastern European landslide literature. 
4. Approximate usage in popular media. 
5. "Mud flow (nc)" refers to mud flows of non-cohesive earth materials. 
6. "Mud flow (c)" refers to mud flows of cohesive earth materials. 
7. Although dry slides, fails, topples, and flows may not be included as "mudslides", 

there are circumstances where they provide the mechanisms by which stream banks 
collapse or subside when eroded or undermined by flooding streams. 



flows, and other landslides" on figure 5, 
and clearly uses "mud flow" in a sensu 
lato context. Using a standardized terminol
ogy , referenced to the systematic technical 
landslide classification of Varnes (1978), 
the "mud flows" and "other landslides" parts 
of that continuum can be further subdivided. 
Figure 6 is an adaptation of the format of 
figure 5. The right-hand column of figure 6, 
titled "NFIP Coverage", reflects our inter
pretation of how events described by tech
nical terminology derived from the Varnes 
(1978) classification (as listed in the 
column headed "Usage, This Report") would 
correlate with the present language of NFIP 
regulations regarding coverage for "mud
slides, i.e., mudflows". It does not repres
ent a recommendation as to whether or not 
specific kinds of events should be insured. 

The array shown in figure 6 illustrates 
that debris flows and noncohesive mud flows, 
in the technical terminology adopted for this 
report, clearly correlate with the mud flow 
part of "mud flows and other landslides" in 
the usage of the 1982 NRC report, indicating 
that these kinds of landslides would appear 
to be covered. 

Wet cohesive flows such as earth flows and 
mud slides fall into an equivocal category. 
They are included as mud-flow phenomena 
because, although they commonly show evidence 
of movement by sliding, elements of internal 
wet flow are essential to their mechanism of 
movemen t. Most wet slides are also consider
ed equivocal because, although wet flow is 
not an essential element of their mechanism 
of movement, wet flow can be a significant 
element in their mechanisms, depending on 
local, sometimes ephemeral factors; moreover, 
their activity can give rise to wet flows. 
Indeed, although many of the "other land
slides" generally lack sufficient moisture to 
initiate flows, they can contain sufficient 
moisture and contribute to the development of 
flows. 

At the dry extreme of the landslide con
tinuum, dry sand and silt flows, dry earth 
falls and topples, dry rock falls and top
ples, dry rock block slides, dry rock slides, 
and dry debris slides would seem to be 
excluded from NFIP coverage by a general 
a bsence of wet flow among the mechanisms 
involved with their movement. However, even 
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though figure 6 shows dry slides, dry falls, 
dry topples, and dry flows to be excluded 
from coverage because they are not, them
selves, "mudslides", it should! be noted that 
many, relatively dry, kinds of landslides can 
be initiated in association with flooding. 

Landslides are common forms of erosion 
along the banks of streams, rivers, lakes, 
and reservoirs. Banks and shoreline rna ter
ials can be undercut by flood currents and 
wa ves, leading to their collapse or subsid
ence by landslide processes. High water 
levels in flooding streams, lakes, and reser
voirs cause ground-water levels to rise in 
adjacen t earth rna terials, red ucing their 
internal resistance to failulre by landslide 
processes. Although many relatively dry 
landslides triggered in this way do not 
appear to meet the criteria of figure 6 for 
coverage as "mudslides", somc~ could occur in 
circumstances where questions about NFIP 
coverage under other parts of the definition 
for "flood or flooding" (44 Code of Federal 
Regulations, sec. 59.1, p. 169) might be 
raised for further consideration. 

LANDSLIDE. . . DISASTERS; AND 
"NON-CAT ASTROPHIC" :LANDSLIDES 

Landslides are events that occur through
out the range between sudden and catastrophic 
at one extreme and slow and insidious at the 
other. Landslide disasters are commonly 
associated with exogenous triggering events 
such as major earthquakes, rainstorms, or 
rapid snowmelt. The triggering event may 
cause additional damage from earthquake 
shaking or flooding, and landslide effects 
may not be readily separable from such other 
effects without intensive study. 

The identification of areas in which there 
is some potential for landslide disaster can 
be achieved by delineating areas susceptible 
to landslide (including debris flow and mud 
flow) hazards during non-disaster conditions, 
and combining that evaluation with inform
ation on the relative potential for levels 
of seismic shaking or rainfa.ll intensity and 
duration that are capable of triggering 
landslides. 

The following list of sorne 20th century 
landslide disasters in the U.S. is not com
prehensi ve, bu t can serve as a general 
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represen ta tion: 

1906 -- Nurnerous "flow-slides" and other 
landslides were: triggered in the San Fran
cisco Bay Region by the great earthquake, 
which also caused liquefaction in the wet 
lowlands of the area (Youd and Hoose, 1978). 

1853(?), 1874, 1936, 1958 -- Giant waves, 
as much as 1,720 feet high in the 1958 event, 
generated in Lituya Bay, southeastern Alaska, 
by large landslides, probably triggered by 
earthquakes (Nliller, 1960). 

1964 -- The: great earthquake in Alaska 
triggered major damaging landslides over a 
vast area of south-central Alaska. Submarine 
landslides at Seward, Valdez, and Whittier 
generated large local waves that added to the 
destruction already caused by the shaking and 
landslides (Eckel, 1970). 

1969 -- Most of the 150 people killed in 
central Virginia during the Hurricane Camille 
"flood" died from blunt-force injuries rather 
than by drowning. Debris supplied by the 
numerous debris flow avalanches caused by the 
hea vy rain, is believed to have been the 
instrument of injury (Williams and Guy, 
1973). 

1969 "Mudslides" (in this instance 
determined to be soil slip-debris flows) in 
sou thern California killed 20 people in the 
course of two intense rainstorms. Campbell 
(1975) noted that all 20 fatalities were 
caused by a toltal of 10 soil slip-debris flow 
events that originated in chaparral-, 
sagebrush-, and grass-covered slopes. Even 
though mud floods and mud flows were also 
generated in recently burned parts of the San 
Gabriel Mountains, resulting in great damage 
on the alluvial fans along the south flank of 
the range, much damage and all of the fatal
ities resulted f lrom flows that originated on 
unburned slopes having natural or landscaped 
vegetation cover. 

1971 -- Damaging landslides triggered by 
the San Fernando earthquake, southern Cali
fornia, caused major losses at the San 
Fernando Reservoirs, Juvenile Hall, Olive 
View, and Camp Holton localities, as well as 
hundreds of d(~bris slides on the slopes of 
the San Gabriel Mountains (Yerkes, 1973). 

1972 -- Three coal-refuse impoundments at 
Buffalo Creek, West Virginia, failed during 
heavy rains, forming a debris flow or mud 
flood that traveled 24 km downstream, killing 
125 people and leaving 4,000 homeless (Davies 
and others, 1973). 

1978 -- Two major rainstorms triggered 
destructive debris flows and also caused 
extensive flooding in southern California. 
Storm-triggered landslide damage in the City 
of Los Angeles, alone, was estimated at $50 
million (Slosson and Krohn, 1982, p. 291). 

1980 -- A series of six major rainstorms 
hit southern California and Arizona in a 
period of 8 1/2 days, causing major flooding 
and landsliding. Landslide damage in the 
City of Los Angeles was estimated at $70 
million (Slosson and Krohn, 1982, p. 291). 

1980 -- A minor earthquake triggered a 
massi ve rock slide-debris avalanche on the 
north side of Mount St. Helens, Washington, 
uncorking the pressurized magma chamber which 
erupted explosively. In about 10 minutes, 
the debris avalanche traveled as much as 23 
km, burying an area of about 60 km2 in the 
North Fork Toutle River valley to an average 
depth of 45 meters. Mud flows (debris flows) 
generated during the eruption extended down 
the Toutle and Cowlitz Rivers to and into the 
Columbia River. In addition to debris flow 
damage along its course, the channel-filling 
debris increases the danger of later flooding 
on the Cowlitz (Voight and others, 1983). 

1982 -- Major damage (totals estimated at 
about $300 million) occurred, 19 deaths were 
confirmed, and five more people. were missing 
and presumed dead in the San Francisco Bay 
area. The dead and missing were the result 
of 11 debris flows and one major rapid block 
slide (with associated peripheral debris 
flows). Small but damaging landslides 
occurred in large numbers scattered over a 
large area (see Brown, 1984, for summary). 

1982-83 -- Major damage from landslides 
(estimates in the hundreds of millions of 
dollars) occurred in central and northern 
California from exceptional total rainfall of 
the winter rainy season, and in the Washoe 
Lake area, Nevada, along the Wasatch Front 
and in the Wasatch Range, Utah, from rainfall 
and rapid thaw of exceptional snowpack. A 



general rise in ground water levels in many 
landslide areas of the western States is 
associated with a major global weather per
turbation (Utah Geological and Mineral Sur
vey, 1983). One landslide at Thistle, Utah, 
ca used direct losses in excess of $200 
million (Kaliser, 1983, p. 4.), to become the 
most expensive single landslide in U.S. 
history. 

Although landslide "disasters" are plenti
ful enough, the annual cumulative Losses 
which are dominated by non-catastrophic land
slide events are staggering. Schuster 
(1978), using data from various sources, 
concluded that direct and indirect losses to 
public and private property in the United 
States exceeded $1 billion per year. Fleming 
and Taylor (1980) acquired and compared 
damage figures for a number of U.S. communit
ies and listed the following average annual 
losses for selected areas: 

$5,900,000 

$4,000,000 
$5,170,000 

San Francisco Bay region 
(nine counties) 
Allegheny County, PA 
Hamilton County, Ohio 

In southern California, notable landslide 
events occurred in several recent winter 
rainy seasons, for which estimated damages 
are reported by Slosson and Krohn (1982). 

1951-52 
1961-62 
1968-69 
1977-78 

$7,500,000 
$7,500,000 
$6,000,000 

$50,000,000 

CLASSIFICA TION FACTORS 
AND FEMA PROGRAMS 

The technical classification described in 
this report can be applied to evaluating 
methods for nationwide hazards identification 
for the purposes of the Disaster Assistance, 
Hazards Mitigation, and National Flood Insur
ance Programs, either alone or in combin
ation. 

The mudslide prOl'lSlons of the NFIP seem 
concerned primarily with flow as a mechanism, 
with wet debris or mud as the materials, and 
with inundation, buoyancy, drag, lateral 
impact, lateral pressure, partial or complete 
burial, and (possibly) erosional undercutting 
as the kinds of damage-producing forces and 
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effects. Association with times of flooding 
appears important where both floods and 
"mudslides" are caused by the same triggering 
events, such as heavy rainstorms. In addit
ion to damage by "mudslid.e i.e., mudflow" 
events themselves, some rela~tively dry land
slides, including earth or rock falls, top
ples, and slides, that occur because of 
erosion or undermining of slopes by flooding 
streams might also be of concern to the NFIP 
within the context of the definitions of 
"flood" and "flooding" in 44 Code of Federal 
Regulations (1983). 

Disaster Assistance requires damage of 
sufficient social and economic importance to 
be classified as disastrous, and that exceeds 
the capability of a State to deal with it. 
This tends to focus a tten tion on large events 
that occur with such rapidity that people are 
killed or injured and much property damaged. 
Landslide events of this kind occur mostly in 
combination with triggering events such as 
severe rainstorms, earthquakes, and volcanic 
eruptions. Generally, steep slopes and moun
tainous terrain are required to provide the 
gravitational drive for acceleration of 
falls, slides and flows to high speeds. 
Debris-flow disasters, such as that of 
January 1982 in the San Francisco Bay region, 
consist of a large number of destructive but 
relatively small events in hilly and 
mountainous terrain. Earthquake-triggered 
lateral spreads and quick-clay flows, how
ever, can move very rapidly on low slopes, as 
evidenced by the Turnagain Heights landslide 
in Anchorage, triggered by the 1964 Alaska 
earthquake. 

Usually, disaster declarations have been 
made in circumstances where the landslide 
activity is associated with flooding, earth
quake shaking, or volcanic (!ruption. Because 
landslides may continue to cause damage long 
after the triggering events have ceased to 
be active, it is difficult to specify the 
end of the "disaster" by direct reference 
to the landslide activity. However, if the 
landslides are triggered by other events, 
such as those listed above, temporal assoc
iations with the triggering events could be 
used for assigning times for termina tion of 
the disaster period. 

Hazards mitigation planning and engineer
ing design for landslide mitigation require 
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knowledge of lthe dominant type of landslide 
in any given region, and of the kinds of 
events most likely to trigger movement. Al
though mitigation activities are generally 
specific for specific sites, land-use plan
ning and preliminary engineering design 
are greatly aided by the identification and 
delineation of areas of potential hazard in 
terms of type and relative susceptibility. 

The nationwide delineation of relative 
susceptibility to mud flows and other land
slides would be of unquestioned usefulness in 
the implementation of the FEMA programs 
noted above. Clearly, there are many options 
for different levels of effort that might be 
appropriate to the information needs of such 
a program. Moreover, the costs and bene
fits of acquiring and applying different 
levels of information must be considered. 
The cost of the identification and delineat
ion, nationwide, of the relative susceptib
ility of different areas to hazards from mud 
flows and other landslides is directly dep
endent on: a) the detail, comprehensiveness, 
and reliability with which the risks are 
identified, and b) the accuracy with which 
the distribution of risk is depicted. 
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The Transportation Research Board, 
2101 Constitution Avenue, N. W., 
Washington, D.' C. 20418. 

(2.1t) SLUMP·EARTH FLOW 

NOMENCLATURE 

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 sca rp surface under the displaced' 
materia: becomes the surface of rupture. 

MINOR 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 SURFACE OF RUPTURE-The intersection (sometimes buried) 
between the lower part of the surface of rupture and the ori~inal 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-nat portion of the displaced material that lies downslope from the toe 

of the slJrface of rupture. 
MAIN BODY-That part of the displaced m.aterial that overlies the surface of 

rupture between the main scarp and toe of the surface of rupture. 

FLANK-The side of the landslide. 
CROWN-The material that is still in place, practically undisplace'd and 

adjacent to the highest parts of the main scarp. 
ORIGINAL GROUND SURFACE-The slope that existed before the movement 

which is being considered took place. If this is the surface of an older 
landslide, that fact should be stated. 

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

(2.1ul RATE OF MOVEMENT 
SCALE 

Approximate ranges of rates of movement 
are according to the scale below 

It/sec 

10' 
eXlremely rapid 

10 101t/5-3 mrs 

very rapid 

10" 

10" 
1 It/min-0.3 m/min 

10" rapid 

10" 
Slt/d-l.Sm/d 

10" moderate 

S h/mo-1.5 m/mo 
10" 

slow 

10" 
Sftlyr-l.Sm/yr 

very slow 
10'· 

1 hiS yr - 0.06 m/YI 

10" 
extremely slow 

*The type of material involved is classified according 
to its state prior to initial movement or, if the type 
of movement changes, according to its state at the 
time .of the change in movement. Thus, the Elm slide 
began as a rock slide and rock fall in bedrock, but 
at the time a flowing type of movement started the 
material was an unconsolidated mass of extremely 
rapidly moving rock fragments, 
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LANDSLIDE CLASS 

Debris Flow 
(Debris Avalanche) 
Mud Flow 

-. 
Rapid Earth Flow 
Qui ck C lay Flow 5 
Wet Snnd Flow 
Wet sn t Flow 

Earth Flow 
Mud SI. ide 
Mud Ftow 

Soil C:reep 
Sol ifl.uction 
Block Stream 

1---

Sackung 
Bedroc:k Creep 
Cani>ef'ing and 
Valley Bulging 

Bedroc:k Sl~ 

Debris Slll1l' 
Earth Slll1l' 
(Soil Slll1l') 

Soi l Sl ip 

Debris Sl ide 
Debris Avalanche 

Earth Lateral Spread 
Bedrock lateral Spread 

Earth Block Slide 

Rock Block Slide 

Rock Sl ide 

f---

Soil Fall 
Soil Topple 

Rock Fall 
Rock Topple 

f---

Rock Fragment Flow 
(Debris Avalanche) 

Dry Sand Flow 
Loess Flow 
Dry Sliding 

TRANSPORT ME CHAN I SM I LOCATION AND GEOMETRY PARENT MATERIAL 

Steep to moderate Colluviun; Parts 
slopes on hillsides other landslides; and 
and in channels other engineering soi ls 3 

Non-cohesive slurry 
flow (non-Newtonian 
viscous flow) 
extremely rapid 
to rapid Gentl e slopes Unconsolidated 4 

may occur deposits of clay 
in channels silt and sand 

Cohesive (liplastic ll ) Steep, Clay-bearing, unconsol-
flow; bounded by dis- moderate and idated and poorly con-
crete lateral shear sur- gentle slopes solidated deposits and 
faces; rapid to slow other engineering soils 

COI11llex: Colluvilll1; 
gravity folding and Talus accumulations 
sliding on discon- Steep to and other engineering 
tinuous surfaces; moderate soils 
and plastic flow; slopes 
extremely slow to slow 

Complex: gravity Steep, mountain Consolidated 
spreading; slid- re lief; va II eys bedrock 
ing on discon- and valley walls 
tinuous surfaces; in plateau terrain 
extremely slow 

Curved slip surface Consolidated to poorly 
Steep to moderate consolidated bedrock 

Rotational slopes 
sl iding (can 
initiate flows); curved slip surface; Unconsolidated deposits; 
slow to rapid Steep, moderate, Other engineering 

and gentle slopes soils 

Planar; Parallel Colluvi al soil 
to steep and with vegetation 
very steep slopes 

Planar; Parallel Natural rock detritus 
Translational slid- to steep and and soil 
ing; Can initiate very steep slopes 
flows if sufficient 
moisture present; Planar; Parallel to Unconsolidated deposits; 
Extremely rapid flat or gently dipping Consolidated bedrock 
to rapid geologic discontinuities 

Planar; Parallel to Unconsolidated deposits; 
gentle, moderate or Consolidated bedrock 
steep discontinuities 

Translational sliding; Planar; Parallel to 
extremely rapid to steep or very steep Consolidated bedrock 
moderate geologic discontinuities 

Irregular; nearly Unconsolidated deposits; 
parallel to steep Other engineering soils 

Fall ing, roll i ng bluff faces 
sliding; Extremely 
rapid to very slow Irregular; Nearly 

parallel to steep Consolidated bedrock 
and vertical cliffs 

Very steep initial Rock fall and rock slide 
Grain interaction; slopes; May run out detritus (large, active 
Air fluidized(?) on gentle slopes rock falls 
sediment flow; 
extremely rapid Very steep to steep Unconsolidated deposits 
to rapid local relief 

PLATE TloIO TABULAR SUMMARY OF LANDSLIDE CLASSES 
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MOISTURE 2 SCAR CHARACTERISTICS DEPOSIT CHARACTERISTICS DAMAGE FROM: COMMON TRIGGERS 

Very wet to Steep channels Debris trains in Lateral ilJl)8ct Landslides in sat 
wet; storm- scoured bare; confined channels; Lateral pressure materials; Landslide 
related lesser gradients Debris lobes, fans, I nundat i on; into or beneath water; 

may pass slurries and sheets on un- Burial; Earthquake shaking; 
without scour or confined, gentle Bouyancy Volcanic eruption; 
deposition slopes Heavy rainstorm 

V. wet to wet Arcuate crown; Fans and sheets, flat- Foundation Earthquake or other 
storm-related May be "bottle- l yi ng depos its (soupy fai lure; dynami c load; 
and/or season- necked" in plan when fresh); May have Inundation Changes in pore 
cunulative hlllll10cky surface Burial water chemistry 

Wet to moist; Arcuate crown; Lat- Steep lobate toe, radial Foundation Surcharge/undercut; 
storm-related eral shears distinct; cracks, transverse rid- failure; Ground water rise 
and/or season- Often no bared sl ip ges; Maybe longitudinal Lateral 
cunulative surface at crown ridges, shear cracks pressure 

Moist to wet; Colluviun, in sheets on Moisture change 
storm-related Conmonly no scar hillslopes and in wedges Foundation (shrink/swell); Root 
and/or season- formed at bases of hillslopes; fai lure; ~edging; Animal bur-
cunulative Solifluction lobes; Rock Lateral rows; Thaw of ice 

fragment streams, lobes pressure bearing soi ls; 
and tongues I~ock fall loading 

Moist to wet; Ridge crest; Deformed and fractured Mountain canyon 
season- trenches; bedrock; Can be diff- Foundation erosion; Plateau 
cunulative Gulls; icult to distinguish fai lure canyon erosion; 

Scars from tectonic folds Earthquake; 
indistinct and faults Tectonic upl ift 

Moist to wet; Arcuate crown scarp Blocks rotated Foundation I~round water rise; 
season- and cracks; No bared into slope failure; Lat- Undercut/surcharge 
cunulative basal slip surface eral pressure 

Moist to wet; Arcuate crown scarp Blocks rotated Foundation Ground water rise; 
storm-related and cracks; No bared into slope failure; Lat- Undercut/surcharge 
or cunulative basal slip surface eral pressure 

Very wet to Thin planar scar Sod slabs and various Lateral pressure; Rare lieavy rainstorm; 
wet; storm- (missing slab), and debris flow deposits foundation failure; Ground water rise; 

related bare flow channel See debr i s fl ow Earthquake shaking 

\let, moist Arcuate crown; Debris sheets, lobes Lateral impact and Earthquake shaking; 
(storm relat- Lateral shears may aprons; Irregular pressure; Burial; Rare Heavy rainstorm; 
ed) or dry be poorly developed surfaces foundation failure Volcanic eruption 

Wet to moist Linear or arcuate Translated blocks; Horst Foundation Earthquake shaking; 
season- breakaway; No bared and graben surface failure; Lat- Undercut/surcharge 
cunulative sl ip surface fractures eral pressure 

Wet, moist Linear breakaway; Translated blocks; Foundation (around water rise; 
(season-cunu- slip on preexisting little disruption failure; lat o Undercut/surcharge 
lative) or dry bedding surfaces of parent material eral pressure 

Wet, moist Bare, steep bedrock Rock detritus; debris lateral impact and Earthquake shaking; 
(season-cunu- surfaces and cliffs sheets and lobes; pressure; Foundation (aroundwater ri se; 
lative) or dry Extremely disrupted failure; Burial ':rost/root wedging 

Moist to dry Bare bluffs and Debris aprons with soil IlJl)8ct from above or E:arthquake shaking; 
steep slopes blocks; Blocks rotated laterally; Foundation Undercut/surcharge 

outward; Disrupted failure; Burial 

Moist to dry Bare cl iffs Rock detritus - talus High velocity impact Earthquake shaking; 
and steep deposits; blocks from above or Undercut/surcharge; 
bedrock slopes rotated outward laterally; Burial Frost/root wedging 

Dry to moist Bare cliffs and steep Debris cones, sheets, Lateral impact; Mountain rock fall 
slopes; Bared planar fans, lobes and aprons; Lateral pressure; or slide; Earthquake 
or channeled surface Talus; Block streams Burial shaking; Volc. erupt. 

Dry Arcuate, planar, Sand and silt sheets, Burial; E:arthquake; 
or irregular cones, fans and aprons lateral pressure; Undercut/surcharge 
bared surface Foundation Failure 

\lITH FIELD RECOGNITION CRITERIA FOR LANDSLIDE RECOGNITION (Notes: see p. 22) 
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EVOLUTION OF LANDSLIDE REPAIR IN SOUTHERN CALIFORNIA 

F. Beach Leighton Bruce R. Clark 
Leighton and Associates, Inc. 

1151 Duryea Avenue 
Irvine, CA 92714 

ABSTRACT 

Uuring the last three decades, techniques for permanent urban res
toration of landslides have evolved to the point that the gap is closing 
betwetm the total number of landslides and the number that can be restored. 
The basic tenets in landslide repair are that multiple alternatives must be 
carefully analyzed, the relative costs compared, and the repair be cost
effectilve, i.e., it must create or restore usable land. 

Most successful permanent repairs are combinations of techniques. 
Compacted fill buttresses and special retaining wall structures are the 
permanent measures that have been most effective in Southern California. 
The principal types of compacted fill buttresses used in landslide repair 
are terminal (toe) and shear key buttresses; the most common retaining 
structures are soldier piles and reinforced soil slopes. In addition, 
slope flattening and dewatering may be necessary to render the repair 
adequnte. Dewatering devices include hydraugers (horizontal borings), 
drainage galleries, vertical wells (pumped or gravity drained), gravel 
drainage curtains or networks, French drains and perforated pipe subdrains. 
Systems of subsurface drainage can be effective in reducing existing 
hydrostatic (pore) pressure and controlling its future buildup if ground 
water recharge conditions change. Slope flattening may be used to remove 
shallow slides and other unstable portions of slopes, to unload the head of 
a slide, and to provide sources of fill and borrow material. 

Of special significance is the fact that many of the landslides that 
resulted in sizable damage losses were reactivated ancient slides which 
were 1110t identified during development. Had in-depth geotechnical inves
tigations been made prior to development, landslide damage probably could 
have been averted. The critical steps to limit landslide damage in. the 
future are (1) a thorough in-depth geotechnical investigation prior to 
design and construction, (2) careful analysis and design of remedial 
measures, and (3) close construction control. 

INTRODUCTION 

Landslide Hazard 

Thousands of existing landslides underlie 
the slopes of the inland valleys of southern 
California. The concentration is probably 
higher here than anywhere else in the United 
Sta tes, because of the widespread assoc
iation of hillside slopes, youthful weak bed
rock materials, adverse geologic structures, 
and heavy episodic precipitation. 

The magnitude of the hazard is illustrated 
by a study of landslides in Orange County 
where over fifty damaging bedrock landslides 
ha ve occurred in urbanized areas since 1966, 
resulting in a total economic loss of more 
than $45 million (Leighton & Poormand, 1982). 
In this area, geologic mapping has iden
tified over 1,200 bedrock landslides, an ad-



ditional 700 probable landslides, and over 
300 possible landslides. The potential land
slide hazard is indeed impressive: fewer than 
one half of the slides mapped in 1982 had 
been mapped in 1966. 

The landslide hazard is increasing in 
southern California as continued urban expan
sion spreads in to the broader hinterlands of 
hillside and mountain terrain. Man's acti v
ities in the development of slopes create 
new slope instability conditions at locations 
where landslides have not occurred. New 
cases of slope insta bili ty are being trig
gered by artificial causes such as grading 
and construction projects. 

Damage losses are generally divided into 
direct and indirect costs. Direct costs are 
actual damages to buildings and property. 
Examples of indirect costs include lower land 
values, loss of tax and income revenues, 
delays in completing projects and resulting 
litigation. 

A plethora of landslide activity has 
occurred during recent wet years: 1951-52, 
1956, 1957-58, 1961-62, 1968-69, 1977-78, 
1979-80, and 1982-83. Several of these land
slides killed and injured people in addition 
to damaging or destroying both public and 
pri va te property. 

Repair vs. Mitigation 

Repair of landslides connotes the long
term reconstruction of existing and potential 
landslides enabling safe land use of these 
areas, in contrast to mitigation, which re
duces the impact or likelihood of future 
landsliding, ra ther than eliminating the 
hazard. Both repair and mitigation of land
slide areas can be pre-disaster or post
disaster; they can be preventive or 
reconstructi ve proced ures. The cost of pre
disaster repair is generally a small fraction 
of the cost of post-disaster repair for 
landslides of similar size. 

Economic development of many landslide 
areas in the past was simply not feasible 
owing to the magnitude of the repair costs. 
However, the combination of escalating real 
estate values and improved mass grading and 
repair procedures has made both preventive 
and reconstructive repair much more attrac-
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tive in recent years. 

LANDSLIDE. ANALYSIS 

Each landslide is unique. Two landslides 
may appear quite similar in surface size and 
shape, yet vary greatly in the third dimen
sion. Thus on-site exploration, analysis and 
design cannot be standardized. Even the goal 
of a 1.5 safety factor for urban land
slides must be subject to review, as the 
geotechnical engineer recognizes that it is 
dependent on the quality of data available, 
the field and la bora tory assumptions used in 
the analysis, and the purpose and nature of 
alternative designs. A combination of high 
quality data with conservative design and 
close control of construction may justify the 
use of a lower safety factor without result
ing in a significantly less conservative 
product. 

The first step in landslide analysis is 
careful engineering geologic mapping to 
identify the presence of landslides and their 
size, shape, and material property para
meters. Southern California has led the way 
in developing the necessary mapping method
ology, commonly performed for private sector 
interests. 

Today, this work is done almost exclus
ively by engineering geology consultants as 
part of land development programs and is 
commonly required by governmental codes and 
regulations. A systematic description of the 
three-dimensional structure of active, hist
oric and prehistoric landslides is the result 
required of the mapping effort. 

Early mapping of landslides received too 
little attention because of the academic 
emphasis on bedrock geology in field mapping 
courses. Geology curricula were preparing 
students for careers in the petroleum and 
heavy metal exploration industries. Pre
paration of maps for the purpose of showing 
landslides (e.g. McGill, 1959) was rare and 
generally completed at a small-scale. Not 
until engineering geologic investigations 
were required for site d(!velopment were 
adequate details shown at the appropriate 
scale. However, it was the ad ven t of dozer 
pits and bucket-auger holes in the 1960's 
tha t enabled engineering geologists to ac
quire key three-dimensional information from 
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landslides, inel uding the na ture of the 
lowermost potential slip surface. This was 
followed by the requirement by local govern
men t agencies in sou thern California, that 
grading of landslide terrain be accompanied 
by detailed engineering geologic mapping, 
resulting in an as-built engineering geologic 
map. These steps both increased our tech
nical capabilities to predict landslides and 
placed more responsibility on the geotech
nical consultants to prevent them. Most 
landslides are now regarded as constraints, 
not hazards, because most can be prevented 
and cured. 

In the 1950's and 1960's the analysis of 
the potential for reactivation of a slide was 
based on the application of soil mechanics to 
calculate slope stability "safety factors." 
Stability analyses of the day used strength 
parameters measured in the la bora tory on 
in tact soil sanlples that in reality had the 
properties of bedrock and were devoid of the 
critical structural discontinuities, such as 
clay layers or old rupture surfaces, that 
typified the geologic section from which the 
samples were derived. Thus, many potential 
landslide blocks were supported and buttres
sed (figuratively) only by these flawed 
stability analyses. Many of these blocks 
with calculated safety factors greater than 
1.5 failed during the heavy rains of 1961-62 
and other wet seasons, demonstrating that the 
failures were not being adequately described 
by the soil mechanics calculations. 

Repair measures that were taken in ad vance 
of slide activity were done reluctantly by a 
design engineer, who commonly felt suffic
iently fortified with a favorable stability 
analysis from the soil engineer, without 
regard to geologic instability described by 
the engineering geologist. Cosmetic repairs 
were often justified to agency reviewers who 
more readily accepted stability calculations 
than geologic analyses. As landslide mis
fortunes continued to occur, a key evolution
ary step was the gradual recognition that 
stability analyses without appropriate geo
logic input coulld not be defended. 

The pro blenls wi th the accuracy of the 
laboratory shear strength values became more 
apparent as the concept of determining shear 
strength parameters from back-calculation of 
landslide stability became more widely used. 

When active slides were analyzed by assigning 
to the pre-failure geometry a safety factor 
of 1.0 at the time of movement, the proper
ties of the rupture surface generally were 
found to be much weaker than the properties 
actually measured in the laboratory. Some of 
the problem was due to the use of peak shear 
strengths instead of residual shear 
strengths. Peak shear strengths used in some 
pre-disaster anal yses were up to four times 
greater than residual shear values (Cann and 
Poormand, 1983). In addition, residual shear 
strengths were found to be highly strain-rate 
dependen t; very slow strain rates were 
required to produce soil properties in the 
laboratory that matched the back-calculated 
values. 

Early stability analyses also lacked any 
realistic assumption of the role of ground 
water. In analyzing post-landslide disasters 
investigators tended to overlook the small 
amoun t of ground water present because the 
broken slide debris contained large voids 
which dropped the level of the water table 
dramatically immediately after slide movement 
occurred. Only minor seepage or the presence 
of moist soil in the head scarp gave clues to 
the existence of a high pre-slide water 
table. Furthermore, the build-up of ground 
water levels after the completion of develop
ment was not widely recognized. Whereas the 
average rainfall in inland southern Califor
nia might be less than 12 inches per year, 
normal residential or light commercial use of 
the land adds 30 to 50 inches per year of 
additional surface water through irrigation. 
Where infiltration rates are rapid, such as 
in the debris-filled graben of a youthful 
landslide, the additional source ·of water may 
change the elevation of the water table by 
tens of feet, thus increasing pore pressures 
and reducing stability. 

Two additional problems faced early geo
technical engineers trying to evaluate the 
safety of ancient landslides; one was a 
geological limitation and the other a compu
tational constraint. The geological problem 
was related to the lack of good con trol of 
subsurface stratigraphy beneath the most 
recently active slide mass. Subsurface 
exploration has shown that there may be 
several former rupture surfaces at different 
depths, all of which are only marginally 
stable. 



Buttressing of only the most recently 
active slide mass usually stabilizes only 
that rupture surface and any shallower sur
faces. If additional potential slip sur
faces are present beneath the buttress or 
other sta biliza tion measure, however, the 
repair may actually reactivate a larger slide 
on a deeper rupture surface as large masses 
of soil are relocated during the stabiliz
ation effort. Since subsurface geometric and 
stratigraphic information was so difficult to 
obtain, early repairs were often attempted 
without a sufficiently accurate description 
of the whole problem. This issue was not 
helped by the insistence of some prominent 
geologists that "since this ancient slide has 
been inactive for thousands of years, it must 
be safe." 

The computational problem arose from the 
difficulty of calculating the safety factor 
for multiple surfaces of potential rupture 
through a slope. Prior to the late 1960's, 
searches for the least stable rupture surface 
were simply not done in most landslide 
analyses. Instead, the engineer relied on 
his experience to locate the critical rupture 
surface, then calculated the safety factor 
for one or perhaps two simplified geometric 
models of the potential slide. Today the 
calculation has become sufficiently triv
ial on modern computers that engineers now 
commonly run programs that search for the 
weakest potential rupture surface. Now it 
is possible to consider numerous alternative 
repair or mitigation measures, calculating 
the effect of each measure individually, 
then in combination, before arriving at an 
optimum solution. 

Gradually, case histories of landslide 
failures accumulated that enabled the field 
beha vior of slides to be compared to the 
behavior predicted by stability analyses pre
pared before the slides occurred. Improved 
laboratory testing of rupture surface mater
ials, better geological input, high-speed 
computation of threshold failure values, and 
back calculations of active and ancient land
slides, permitted the engineer to develop 
much more accurate stability analyses. 

The evolution of landslide analysis was 
graphically presented by Byer (I987) for a 
residential area on the north flank of the 
Santa Monica Mountains in the City of Los 

Landslide Repair 31 

Angeles. The initial geotechnical investig
ations in the 1960's had c:onsisted of shal
low exploration pits and no detailed geologic 
mapping of the complex sedimentary terrain. 
The first reports were brief and did not 
recognize ancestral slide de bris. Shear 
strengths were determined using the conven
tional testing of the day, not the more 
sophisticated testing used currently. As a 
result, safety factors for slope stability 
were calculated to be over 1.5 and recommend
a tions were made f or shallow footings. 
Following refined studies in 1978, friction 
pile foundations were extended through the 
slide debris into bedrock. A custom hillside 
residence was completed after a cost of ap
proximately $500,000 for th(~ pile foundations 
alone. 

EARLY APPROACHES TO 
LANDSLIDE REP AIR 

Before the 1960's, landslide disasters 
discouraged early development, particularly 
of land acquired on hillsides. The general 
practice was to locate development on stable 
ground and leave hillside areas undeveloped. 
A voidance of landslides was thought of as the 
safest way to prevent slide damage to build
ings. Some brave souls, well a ware of the 
consequences, did not mind building their 
homes on landslide-prone coastal view proper
ty because they had acquired the property 
inexpensively, and some planned to use the 
site simply as a summer retreat with minimal 
construction. Others, even braver and with 
an engineering bent, extended pier-type foun
dations to a great depth or built to accom
modate slow but persistent slide movement 
such as that occurring in the Portuguese Bend 
landslide. 

Effective horizontal drains were developed 
in the 1950's to supplement drainage tunnels, 
which were commonly used by railroads and 
some highway departments (Root, 1958). An 
elaborate system of drainage tunnels connect
ed with an ingenious hot··air furnace was 
used to con trol a large Pacific Palisades 
landslide in the early 1930's (Hill, 1934). 
Horizontal drains, first installed by the 
California Division of Highways in the 
1940's, were extensively used in landslides 
associated with highways, but received lit
tle attention during early hillside grading 
and building. Systems of horizontal and 



32 Leighton and Clark 

vertical drains were used in some large land
slides in oil fields, notably in the Ventura 
A venue Oil Field (N eel, 1969). 

In the 1960's 25-30% of the landslides 
identified in southern California were caus
ed by construction activities (Leighton, 
1972). During that decade the unforeseen 
high costs of extensive remedial grading 
brought a number of major grading projects 
to a sudden halt prior to completion. 

As an example, early development in the 
1960's progressed southward in Orange Coun ty 
along the Santa Ana and San Diego Freeways, 
taking timely advantage of the topographical
ly attractive landslide terrain. The volume 
of grading re:quired for stabilization pur
poses was much greater than rival develop
ments in more stable terrain closer to Los 
Angeles. The bankruptcies that followed em
phasized the need for a more thorough and 
realistic economic analysis of the develop
ment costs based on geologic and engineering 
knowledge in advance of final design (Asquith 
and Leighton, 1972). 

Even in the 1960's some soil engineering 
firms could not design a buttress and had to 
call for assistance from one of the four or 
five state-of-the-art firms then in ex
istence in southern California. At the time, 
the guidelines and requirements of regulatory 
agencies for dealing with complicated land
slide terrain were simply the minimal stan
dards applicable to all hillside terrain and 
were not specif icall y designed to 
answer landslide repair questions. As a 
result, the scope of many private terrain 
investigations for tract development was 
decided by what it took to satisfy these 
local guidelines, not what was needed to 
diagnose and Clllre the geotechnical problem. 

Slope flattening and benching, removal of 
the head of the slide and placement of fill 
at the toe, as well as avoidance were the 
chief early methods used in hillside develop
ment to control landslides. Lime stabiliz
ation by grouting a series of drill holes was 
undertaken to stabilize one large landslide 
in a residential setting. This method 
proved unsuccessful and was not used again as 
a primary means of slide con trol. Reinforced 
concrete piles were used unsuccessfully to 
restrain a portion of the Portuguese Bend 
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Figure 1: An example of a terminal fill 
buttress with subdrains. 

landslide in the late 1950's and were not 
used extensively thereafter, except as tem
porary restraining devices during earthwork 
reconstruction of landslide areas. Walls to 
restrain an existing or potential landslide 
were generally avoided because of their high 
cost, except in a few special cases. The 
V en tura A ven ue landslides were covered with 
an impermeable oil-based coating to reduce 
surface infiltration, but this also was 
unsuccessful and the slides reactivated, 
driven by sources of ground water from 
off -site. 

CURRENT METHODS OF 
LANDSLIDE REP AIR 

General Statement 

Damaging urban landslides will continue to 
occur as they are triggered by natural or 
artificial causes. Emphasis on restoration 
of those urban areas damaged by landslides 
has increased as the premium on urban land 
and high-density occupation have made this 
economically possible, and as disaster funds 
and low-interest loans to assist rebuilding 
have become more available from the federal 
and state governments. Generally, disaster 
funds cover only emergency reconstruction, 
not perman en t reconstruction for the life of 
the structures. Loans for rebuilding are 
starting to become more available as con
fidence in permanent geotechnical stabiliz
ation measures increases. These permanent 
measures for post-disaster landslides are the 
chief subject of the remainder of this paper; 



certain measures such as a voidance of the 
landslide and relocation of the structures 
elsewhere, are not treated further. 

As noted in classical landslide texts 
(e.g., Schuster and Krizek, 1978), the analy
tical techniques of landslide repair revolve 
around four approaches: (1) reducing the 
forces that tend to cause movement, (2) 
increasing the forces tha t tend to resist 
movement, (3) eliminating the slide in part 
or whole, or (4) a combination of these. In 
most active landslide areas, the driving and 
resisting forces have become delicately bal
anced, so the landslide may respond very 
quickly when adjustments take place in out
side influences. Thus, all potential loading 
and unloading influences must be considered 
in the analysis. 

Selection of the most appropriate design 
option depends upon factors that are both 
technical and socio-economic. The technical 
factors include: (1) the strength properties 
of the earth materials, (2) the geometry of 
the landslide, (3) the risk of enlargement, 
(4) the climatic season of repair, (5) the 
history of landsliding in the area, and (6) 
the man-made alterations to the formerly 
natural ground. 

The socio-economic factors include: (1) 
the availability of funds for stabilization 
(2) the objectives of public interests (i.e., 
grading and building codes) and private 
interests, (3) the history of development in 
the area, (4) the com plica tions of property 
boundaries, and (5) issues of insurance cov
erage and possible litigation. 

An emergency repair approach can be quite 
different from a permanent repair approach. 
For example, landslides that block highways 
in rural districts are usually dealt with as 
emergency repairs. These areas commonly 
become the focal points for additional land
sliding. For obvious economic reasons, CAL
TRANS follows this course of highway main
tenance for older high wa ys, ra ther than total 
and permanent repair. However, in some cases 
the ongoing costs of keeping landslide debris 
off the roads may surpass the costs of per
manent repair. Geologic anticipation of this 
type of reactivation problem furnishes impor
tant lessons in the issue of landslide pre
vention versus landslide repair. 
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Provision for alternative repair measures 
assures more flexibility in approach and 
greater likelihood that the most appropriate 
alternative is not- overlooked. Where applic
able, agency requirements rnust be reviewed 
in light of each alternative. Certain alter
natives must be weighed and discarded, but no 
matter what plan is finally chosen, it is 
bound to require modification during repair. 
Modification is an appropriate response to 
the additional geologic detail that becomes 
available, and as socio-economic and tech
nical conditions dictate. It is little 
wonder tha t importan t permanen t restora tion 
projects require revised (as-built) designs 
and revised engineering geologic maps once 
repair work has been completed. 

Stabilization and permanent reconstruction 
of an active landslide in a developed area 
require teamwork between the agencies, prop
erty owners, construction contractor, design 
engineer, engineering geologist, and soil 
engineer. All are integral parts of the 
repair process. Thousands of dollars can be 
lost in slowness of agency and owner re
sponse, li tiga ti ve discussions, designs tha t 
are too detailed or lack detail, construction 
delays, and too much or too little geotech
nical analysis. Reconstruction must be 
thoroughly planned and must proceed like 
clockwork, except for unavoidable circum
stances such as weather and other work shut
downs. 

One critical factor in developing a repair 
plan is an ticipa tion of the poten tial for 
heavy rainfall which, owing to the rise of 
the water table, may increase seepage forces 
or may reduce resisting forces very quickly. 
Generally, the most advers(! climatic season 

Lowered 

Approx. Center of 
Old Stream Channel 

I 
l-----l_ ~ -H;!;d-- Flattened 

n._.~SIOP' ~nCi'"t SIi~'" ;,,' - - - - - , k' -.. -.. BGU~~~~~S Storm 

~ Recent Slide --- '-.... -- '-... --- -~------------- '--..:-~ 
---- ---.... ------?----, / 

Bedrock 
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can be avoid(~d during the repair effort, 
because even :major repairs can usually be 
completed within six months. 

Techniques of permanent landslide correc
tion include various combinations of: (1) 
compacted filll buttresses, (2) dewatering 
systems, (3) special retaining wall struc
tures, and (4) slope flattening. These four 
measures are discussed in the following sec
tions. 

Compacted I~ill Buttresses 

Compacted fill bu ttresses ha ve proven to 
be the most effective and economical means of 
permanent repair for major landslides. Gen
erally, they can be divided into four types: 

Terminal fill buttresses are designed 
masses of compacted fill that are keyed into 
bedrock or other suitable material to block 
movement of an upslope mass of unstable 
material (Fig. 1). 

Gravity buttresses are unkeyed masses of 
compacted fill placed in front of an unstable 
mass (Fig. 2). 

Shear key buttresses are prisms of compac
ted fill placed to support either the main 
scarp area or the midsections of a slide 
(Fig. 3). 

Replacement fiUs are used to entirely 
replace poor-quality material; the original 
design is commonl y for a buttress, bu t in the 
construction process, owing chiefly to back
slope and sideslope failures, the entire 

unstable mass representing most or all of the 
slide, is removed and replaced. 

Design of the width of the buttress should 
be based upon minimum strength parameters. 
Conditions prior to sliding can be recon
structed in many cases and the strength 
parameters at the time of sliding computed. 
These back-calculated conditions should be 
compared to the laboratory test results of 
materials from the slide mass, the prior 
rupture surface itself, and the potential 
buttress fill. 

Buttresses are designed to resist the 
sliding forces generated in the unstable 
units upslope. In southern California the 
slide-susceptible surfaces are usually an
cient landslide ruptures or weak clay beds or 
lenses exposed at the face of either a nat
ural or cut slope. The most adverse attitude 
of these weak layers is the condition in 
which they dip toward, but at a less steep 
angle than, the face of the slope. Clearly, 
the lower on the slope that these adverse 
structural elements are present, the greater 
the magnitude of the driving forces. There
fore an ideal buttress design usually calls 
for a wider base than top (Fig. I). Almost 
invariably, this design consideration results 
in a steep slope for the temporary backcut, 
and produces a high potential for its failure 
during construction. Over the years several 
temporary compensa ting measures have been 
developed to try to control the size and sev
erity of these back cut failures. Some exam
ples include temporary soldier pile walls, 
small track-walked compacted fill buttresses 
("kickers"), and local ground freezing. 

During the cutting phase, the backcut is 
exca vated as a smooth slope. Most of the 
loose slide debris or surficial soil material 
is removed by this cut. However, the final 
backcut should be benched to improve the 
coupling between in-place bedrock or compet
ent slide debris, and compacted fill. The 
benches are cut during filling of the 
bu ttress, and the benching process can be 
used to remove any small pockets of incompet
ent material left in place during the 
initial excavation phase. Care must be taken 
to leave benches of firm material in place, 
since there is a tendency for heavy equipment 
operators to cut the bench away as they add 
fill to the bu ttress itself. 



Subdrainage is an essential part of the 
buttress (Figs. 1, 3). Subdrains help assure 
that ground water upslope of the buttress 
does not build excessive hydrostatic pressure 
and seepage forces. They are usually con
structed as trenches backfilled with filter 
gravel or crushed rock surrounded by filter 
fabric, often containing a perforated non
corrosive pipe to improve the flow of water 
through the drain (Fig. 4). Subdrains may be 
arranged in a network on the backslope of 
the buttress, connected to unperforated 
outlet pipes, which drain the subsurface 
water directly to the face of. the slope. Of 
special benefit to the design is subdrainage 
at the elevation of the buttress key, but the 
local topography may preclude this because 
the key is lower than any available outlet. 

The excavation of the key is probably the 
most critical portion of buttress construc
tion. It is essential that this key be 
inspected and mapped by an engineering geol
ogist to assure that the lowermost potential 
slide surface has been penetrated, that the 
floor of the key is sound, and that no un
foreseen geologic circumstances prevail. 
Mapping of the geology of the buttress back
slope and key may necessitate final design 
modifications. Unforeseen shears and seep
age zones, potential failure surfaces deeper 
than anticipated, backslope failures, rock 
reqUIrIng blasting, and equipment access 
conditions are some of the problems that may 
require special treatment and revised design. 
An "as-built" geologic map records the extent 
of reconstruction. 

A compacted fill blanket at the top of the 
slope may be useful in minimizing water 
infiltration from upslope. This precaution
ary measure should be determined in advance 
of the completion of buttress design and 
before buttress excavation is initiated. In 
the same way, stockpiling of excavated mater
ials must be planned in detail by the cons
truction company and reviewed geotechnically. 
It should be anticipated whether portions. of 
the buttress excavation will be wet and 
unsuitable for compaction without stockpiling 
and drying. Some stockpiled material may 
not be sui ta ble for the compacted fill key, 
and some large rock or other inferior mater
ials may have to be exported or disposed of 
in special areas in the buttress. Soil cem
ent can be added to sandy fill, or lime to 
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Figure 4: Examples of some current subdrain 
designs. A: Perforated pipe surrounded with 
filter gravel; B: 1.5 inch gravel wrapped in 
filter fabric; C: Detail of a subdrain 
termina tion. 

clayey fill, as it is compacted to strengthen 
it. 

Compacted fill bu ttress(:s are generally 
prepared in stages and segments in order to 



36 Leighton and Clark 

minimize the extent of oversteepened and 
unsupported backslope excavations. To pre
vent backslope failures, excavations should 
progress as rapidly as possible, in some 
cases around the clock. Intervals of sus
pended work should be avoided; for example, 
each buttress segment should be cut and 
filled during weekdays and not allowed to 
stand open during a weekend or holiday period 
or during inclement weather. Areas subjected 
to possible fa.ilure during buttress construc
tion should be protected from entrance by 
unauthorized or unnecessary personnel. In
spections by the governing agency and mapping 
by engineering geologists must be scheduled 
during work breaks, if possible, and when 
equipment is idle. 

The construction sequence of a buttress 
commonly proceeds in the following chronolog
ical order: (1) preparation of a fill dis
posal area, if needed, (2) exca va tion of 
crown material to reduce driving forces, with 
stockpiling of this fill or placement at the 
fill disposal site, (3) placement of systems 
to moni tor movement in the backslope area 
(if not installed earlier), (4) excavation 
for the buttrc::ss in sections, (5) excavation 
of the buttress key, (6) backfilling of the 
buttress including benching into the back 
cut, (7) installation of a subdrainage sys
tem as the backfilling proceeds, (8) compac
tion of the graded slope, (9) paving of 
surface drains, and (10) hydroseeding and 
landscaping of the graded slope. The proper 
maintenance of the slope face is a continuing 
responsibility of the owner of the slope. 

Dewatering Systems 

Dewatering systems have been effective in 
slowing and even stopping the movement of 
landslides. However, the gross stability of 
the arrested slides is usually still margin
al, and additional steps are usually neces
sary to achieve a permanent sta biliza tion 
that has an a.dequate safety factor. Never
theless, dewat(~ring systems are an integral 
part of most permanent stabilization measures 
in southern California, as they prevent the 
future buildup of hydrostatic pressure and 
pore pressure in, and upslope of, the slide 
mass and along the basal rupture surface. As 
such, they reduce the size and complexity of 
other stabilization measures needed in a 
landslide. 
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Figure 5: Schematic profile of a reinforced 
soil slope with subdrains. 

Whereas most dewatering systems in com
pacted fill buttresses consist of su bdrains 
and French drains placed beneath or behind 
fill, drilled horizontal drains ("hydr
augers") play an important role in landslides 
sta bilized by other retaining structures. 

More elaborate drainage systems have been 
used in some permanent repairs. These in
volve galleries, drainage curtains, tunnels, 
and vertical wells. Subdrain "networks" 
consisting of vertical "chimney drains" tied 
to horizontal drains at regular intervals 
along the back wall of a buttress cut, have 
been very effective in controlling water in 
the buttress while allowing proper benching 
in to the back cut. 

Horizontal drains have proved effective, 
especially in emergency draining of land
slides and surrounding areas by gravity. 
Multiple holes can be drilled from a single 
drilling site in different directions and at 
different angles. Typically, the horizontal 
drains are 2.5-8.0 cm in diameter and consist 
of perforated plastic pipe which is forced 
into a somewhat larger diameter hole. Hole 
ca ving, drill refusal, maintaining the hole 
grade, and inclement weather are the prin
cipal installation problems. Pipe clogging, 
shearing, and deterioration are the principal 
maintenance problems. 

Horizontal drains are generally installed 



at gradients of 3-20% upward from the surface 
outlet to facilitate gravity flow. A nominal 
gradient of 10% is commonly chosen. The 
drains may be up to 90 m in length, with the 
final 6 m to the outlet lined with non-per
forated pipe. The perforated pipe is instal
led with the perforations oriented downward 
to minimize clogging by silt from the sur
rounding soil. In order to reduce the ten
dency for organic growth in the pipe, some 
drillers install hydraugers with a negative 
gradient (downward from the outlet) of a few 
percent in granular materials, so that the 
pipe is always filled with water flowing to 
the outlet. Regula tory agencies have been 
hesitant to accept hydraugers as a permanent 
solution to ground water buildup, so they 
continue to be used primarily as a short-term 
or emergency measure in sou thern California. 

Retaining Wall Structures 

Reconstruction and repair involving grad
ing measures may not be feasible, owing to 
the hazard of damage to existing adjacent 
structures and the possible triggering of 
addi tional sliding. In these cases, special 
types of retaining structures are commonly 
used, provided the landslide is not too large 
nor the dri ving forces too grea t. Where the 
slide is small and the depth to the basal 
rupture surface is shallow, retaining walls 
may be feasible, particularly soldier pile 
walls. Soldier piles are concrete columns 
reinforced by steel beams (Fig. 3). General
ly, crib walls and gravity walls can provide 
no more than 5 to 10 tons per foot lateral 
resistance, whereas pile walls with tieback 
anchors or deadman anchorages can withstand 
50 to 100 tons per foot of lateral resist
ance. Soldier pile walls have the advantage 
over designed buttresses of less disturbance 
of the ground surface area, less loading of 
the slide area, less equipment vibration and 
noise, and ready penetration of shallow basal 
slide surfaces. 

Modern designs of steel-reinforced earth 
or crib walls (Fig. 5), in which compacted 
soil backfill is interlayered with rows of 
steel or composite strips or grids of high 
tensile strength, represent a combination 
design utilizing some of the best f ea tures of 
earth buttresses and retaining walls (Lee, 
1978). Reinforcing strips are fastened to 
the front face of the wall, which is usually 
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constructed of steel plates or precast panels 
of concrete. The backfill is prevented from 
being extruded at the ends of the wall by 
metal or concrete panels. Many different 
designs based upon these elements have been 
used to retain landslides along highways. 
Since these systems were in trod uced to the 
United States from Europe in 1969, they have 
gained acceptance slowly, but they have 
great potential in urban locations because of 
their efficient use of available space. 

Slope Flattening 

Slope flattening has been an effective 
type of repair for many urban landslides of 
shallow nature. In addition, it is a supple
mentary means of repair for deep-seated 
landslides. Commonly, it is used in combin
ation with dewatering systerns and compacted 
fill buttresses (Fig. 2). In. these cases, it 
serves to unload the head of the land
slide, thus reducing the driving forces. 

Flattening a bedrock slope to its dip 
angle, or less than the angle of dip, is a 
common solution for urban cut slopes that 
have failed along bedding, jointing, or fault 
surfaces. Variable slope angles and reorien
tation of the direction the slope faces may 
be useful considerations in the slope recon
struction. Drill holes and trench inform
ation are generally necessary to identify 
the slide geometry in these slopes and secure 
samples of the basal slide zone. The 
ma terial exca va ted during slope flattening 
can be used in a bu ttress fill or in other 
types of earth reinf orcemen ts downslope, or 
simpl y as borrow material to be placed else
where to advantage. It is a useful method of 
repair when the basal slide surface and 
subslide geometry can be identified with a 
high degree of certainty. 

Slope flattening by itself is not adequate 
where the landslide is deep-sea ted, below a 
major road, or associated with a high density 
development. It may be impossible to excav
ate to a sufficiently flat grade to remove or 
stabilize the slide without disrupting build
ings, utilities, and transportation corrid
ors. 

Red uction of slope angle can be the least 
expensive construction alternative; but it 
may be the most expensive in terms of build-
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able land lost. In some major cut slopes 
that have failed, buttressing at 2:1 rather 
than flattening to a safe angle of 3: 1 to 
5:1 has saved much valuable urban property. 
Buttressing also reduces the amount of bench 
and surface drainage work necessary. 

Other Stabillization Measures 

To achieve permanency of repair for build
ing purposes, remedial measures such as 
installing drainage or planting vegetation, 
hardening of soils by electro-osmosis, ther
mal drying, lime-cement grouting and other 
chemical treatnlent, or rock bolting have been 
generally either ineffective or too super
ficial to be ac:cepta ble for landslide terrain 
tha t is to be reconstructed for permanent 
structures. However, chemical trea tmen t and 
electrolysis of slides may be effective sup
plementary means of stabilization when they 
are combined with subdrainage and restraining 
structures, provided that sufficient volumes 
of a slide can be treated. Chemical treat
ment is useful in reducing the lateral thrust 
on a restraining structure by increasing the 
shear strength along the potential failure 
surfaces. 

The installation of replacement fills and 
buttresses corrlmonly requires that steep 
temporary cuts be stabilized during the 
exca va tion process and the building of the 
buttress. Where creeping backslopes must be 
stabilized at their toe, temporary alter
natives must be considered. These consist of 
such measures as small gravity buttresses, 
crib walls, periodic removal of debris by 
construction equipment, and ground freezing. 
Protecti ve pile rows are one option to pro
tect these steep backs lopes and sideslopes. 
Steel H-piles are commonly installed in 
0.5-1.0 m diamleter borings and then filled 
with concrete. As an added precaution the 
steep cuts are generally also excavated in 
sections of limited width, and back-filled as 
quickly as possible. 

Ground freezing was a technique used with 
partial success in providing stability of a 
landslide headwall in the Laguna Niguel area 
(Poormand and Zeiser, 1986). This ancient 
landslide became reactivated in 1977 prior 
to building on lot pads graded on a pre
viously undetc:cted landslide. Reactivation 
of the slide threatened residences within 65 

feet of the landslide crown. 

During repair of this slide in 1980, a 
system of ground pillars was frozen around 
steel casings in which coolant was circulated 
to form a progressively larger diameter pil
lar. These frozen pillars protected the 
residences and permitted safe construction of 
shear keys downslope, during removal of the 
landslide. In addition, close spacing of 
frozen pillars formed a wall in the toe area 
to retard ocean water infiltration and pro
tect against damage from sea waves. However, 
that effort achieved only limited success, 
and a backup soldier pile system was a vail
able onsite. Frozen pillars are significant
ly affected by local permeability consider
ations; they appear to be most effective in 
low permeability soils. Refined versions of 
this method deserve consideration during the 
course of future excavation of steep unsup
ported cu ts. 

PERSPECTIVES ON 
FUTURE LANDSLIDE REP AIR 

The high cost of landslide restoration has 
gradually been overcome by the combination 
of technological ad vances and soaring land 
values. Engineering solutions for stabil
ization are now cost-effective for numerous 
slides and new concepts of remediation are 
being applied. 

Increased urban growth and land values 
have focused widespread interest on the 
repair of landslide areas for more productive 
use. The goals range from reducing the 
acreage needed for highway construction to 
increasing the land a vaila ble for in tensi ve 
building development. The buyout and reloc
ation of residents and the rebuilding of the 
si te are now implemented in some local areas 
that are suffering landslide damage. 

Before landslide repairs are made, the ap
proxima te cost of correction for the various 
options must be known. Cost-benefit ratios 
are based chiefly on the cost of repair and 
the value of the property involved. 

Post-mortems of construction failures will 
continue to be useful in evaluating current 
repair techniques and developing better 
ones. Improved monitoring and maintenance 
practices are presently receiving more atten-



tion. Undoubtedly, new government require
ments and new legal precedents will evolve 
based on advances in repair concepts. 

In pre-disaster investigations, slopes of 
questionable stability will invariably re
quire two stages of subsurface exploration: 
one to identify the problems and the second 
to provide a sufficient level of detail for 
adequate design of repair measures. Other
wise, as has been the customary practice, 
the most adverse geotechnical interpretation 
would have to be accepted in lieu of further 
work to clarify relationships. There still 
appear to be cases where consultants rely on 
inadequate or hurried investigations and then 
apply the "repair everywhere" doctrine. The 
more thorough the search for further poten t
ial slope failures, and the better the field 
data collected, the more appropriate and cost 
effective will be the repair chosen. 

Among post-disaster investigations, the 
Bluebird Canyon landslide of 1978 in Laguna 
Beach is an outstanding example of a 
catastrophic landslide that justified repair 
(Poormand, 1987). By 1983, 20 of the 24 
destroyed homes had been rebuilt, following 
remedial reconstruction of the slide itself 
in 1979. There is growing public awareness 
in southern California that rebuilt areas 
such as this one are probably more stable 
than many of the homes developed on ancient 
slides in the hills nearby. The technical 
tools are readily available and generally 
cost-effective, if the socio-economic climate 
is receptive to the efforts required. In 
order to achieve optimum levels of economy 
and safety, the strongest colla bora ti ve ef
forts of participants, incl uding homeowners, 
government officials, contractors, and the 
civil and geotechnical consultants will con
tin ue to be essen tial as was demonstra ted 
successfully at Bluebird Canyon. 
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ABSTRACT 

The evaluation and repair of hillside properties damaged by slope 
instability presents a challenging problem for the geotechnical profes
sional. An increasing Illumber of residential distress evaluations are being 
requested by homeowner's insurance companies to assist them in resolving 
earth movement claims. Early recognition of instability is essential to 
the successful mitigation of the hazard. Thorough observation of the 
structural distress, experience, and an understanding of construction are 
needed to differentiate typical distress from subtle distress associated 
with the initiation of slope instability. Other soil related processes 
cause distress similar in appearance to major slope movement; this 
complicates the recognition of an impending hazard. 

Property line limitations and reluctant neighbors hamper site and 
neighborhood reconnaissance. High costs and physical constraints limit the 
subsurface exploration, which is critical to determining the mechatllics of 
movement. Conventional exploration techniques are aided by modern 
instrumentation and detailed site monitoring to define probable causes. 
Selection of reasonable repair methods and stabilizing devices depends upon 
the limits of the failling mass and whether instability is associated with 
failure along a predetermined defect or through an inherently weak mass. 
Continued monitoring, from recognition through stabilization, helps verify 
the causes of instability, guides the design scheme, and promotes the suc
cess of the treatment. Repairs are effective if the factor of s2lfety is 
sufficiently increased by common and economical construction technliques in 
a timely manner. 

INTRODUCTION 

Homeowners insurance companies have be
come more involved during recent years in ev
aluating landslide and settlement distress 
of residential properties. Most homeowners 
insurance policies specifically exclude 
earth movement as a covered loss. However, 
various court rulings, from the early 1960's 
to the present, have resulted in coverage 
for earth movement under an "all risk" home
owner's policy. Geotechnical in vestiga tions 
are commissioned by insurance companies to 
assist in the resolution of claims for resid
ential damage reportedly caused by earth 
movement. Coverage determina1tion requires 

inf orma tion on the character of distress and 
methods to stabilize the property. This has 
greatly increased the number and frequency of 
property evaluations by geotechnical consult
ants. 

Property evaluations present an interest
ing and challenging problem for the geotech
nical professional. Distress is often very 
subtle. Experience is needed to diff eren tia te 
distress caused by the ini tia tion of slope 
movement from typical distress associated 
with other soil related processes, such as 
fill settlement and the heaving of expan-
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sive soils. The investigation requires a 
thorough evaluation of structural distress 
tempered with an understanding of construc
tion techniques. Adequate exploration can be 
difficult, but is essential for successful 
sta biliza tion. A successful repair program 
is dependent upon early recognition of the 
nature of the problem and accurate determin
ation of the mechanics of the movement and 
limits of the failing mass. 

NORMAL vs. UNUSUAL 
CONSTRUCTION ,PERFORMANCE 

Cracking and irregularities occur with all 
forms of construction, due to typical perfor
mance of building materials, soil movement, 
and deterioration. Successful identification 
of slope instability requires the geotech
nical professional to differentiate normal 
construction performance from cracking and 
irregularities caused by slope movement. 
Construction materials react differently to 
changes in tempera ture, to weathering and to 
aging. They also react differently to the 
various forms of soil movemen t. The cracking 
and irregularities caused by these various 
processes can, however, be quite surprisingly 
similar. 

The Building Process 

The framing of a single family residence 
is not a perfect process. The finished prod
uct is a function of both the performance of 
the wood, and the degree of care applied by 
the builder. Wood framing can be distorted 
by wind during the construction process. If 
the distortion is not corrected' prior to 
placing wall-board and stucco, the irregular
ities are builtin to the home. Experience 
indicates that a tract home, built simultan
eously with a number of homes by a large 
crew, has a higher risk of irregularities 
than a custom home. In addition, the time 
spent on construction can control the amount 
of wall cracking that develops. Speedy con
struction is more prone to cracking, because 
the ground and structure are not allowed 
sufficient time to adjust to loading and 
curing of wood and cement products. Cosmetic 
treatments, such as paint and wall paper, 
are more prone to cracking in a quickly 
constructed home. 

Cracking and irregularities of dry wall 

/ 

a }/ 

c 

Figure 1: Normal cosmetic cracking and 
irregularities due to construction techniques 
and typical performance of construction rna t
erials. a: typical floor slab shrinkage 
cracks, less than 1.6 mm wide, no differen
tial movement. b: contour of manometer read
ings on slab shows no obvious pattern, dif
ferentia� elevation is 1/4-3/4 inches (6-
19 mm). c: cracks in residence wall radiate 
from corners of openings, the vertical cracks 
are regularly spaced. 



and plaster construction cannot be elimin
ated. Construction techniques can increase 
the propensi ty for cracking. A roof that 
is improperly loaded during construction can 
cause stresses within the structure, which 
can result in cracking after the roof is 
installed and stresses are redistributed. 
Common irregularities due to Ilmproper roof 
loading include the buckling of dry wall tape 
seams and corners. 

Wood 

Wood used in framing and decorative treat
ments shrinks during aging and drying. The 
amount of shrinkage depends on a number of 
factors including, but not limited to, the 
type of wood, the milling process, and the 
curing time prior to milling and distribut
ion. Wood shrinkage can result in apparent 
settlement of over one inch (2.54 cm) in a 
three story, wood frame construction. Ob
vious gaps can develop between exposed wood 
beams and plaster and stucco walls. Wood 
beams can twist when drying after construct
ion, ca using cracking of adjacent walls. 
Shrinkage of wood moldings and door frames 
can cause gaps between the wood and the 
wall. This type of cracking and irregular
ity is cosmetic and, over a period of time, 
becomes less noticeable as a result of 
painting. Gaps and irregularities between 
wood and stucco and plaster walls are common 
occurrences, yet often thought by owners to 
be suggestive of foundation and land move
ment. 

Wood floors develop irregularities due to 
shrinkage and deflection. Floor joists can 
deflect before and after loading, which will 
create depressions in the floor. Shrinkage 
of the joists can cause floor irregularities. 
Floor irregularities can also occur when 
wood and steel elements are used together. 
Such floor irregularities can be noticeable 
and disturbing to the homeowner. 

Concrete 

Concrete products shrink durilllg curing and 
typically crack. Nearly all slabs in single 
family homes exhibit some type of cracking 
(Fig. 1). The severity of the cracking can 
be a function of the ratio of water and 
cement, the aggregate size, the rate of 
drying, and the placement technique. The 
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processes leading to the cracking of con
crete slabs cannot be eliminated, but can be 
red uced by proper reinf orcemen t and metic
ulous concrete placement. Poor construction 
techniques can result in obvious and signif
icant cracking, which might be misinterpreted 
as an indication of soil movement. 

Shrinkage can be minimized through con
crete design. A high strength, low moisture 
concrete with a one-inch (2.45 cm) top size 
aggregate has been used to minimize shrinkage 
cracking. Such a mixture is more difficult 
and costly to place. Water is not added to 
facilitate placement, but a super-plasticizer 
can be used. The mixture is difficult to 
pump and often requires placement by hand. 
Utilizing the high strength, low moisture 
concrete mixes does not guarantee that 
shrinkage cracks will not develop. Steel re
inforcement is intended to significantly 
mInImIze unusual cracking or differential 
movement if it has been properly placed. 

Shrinkage cracking generally takes four 
forms: diagonal cracking across corners, lin
ear cracking across the central one-third of 
large expanses of concrete, linear cracking 
adjacent to exterior walls, and small poly
gonal cracks (Figure 1). Diagonal cracking 
is common due to greater resistance to 
shrinkage in the corner of a room. Linear 
cracking is common in concrete sections with 
widths greater than about 15-20 feet (4.6-
6.1 m). The location of a shrinkage crack 
can be controlled by drain lines, or utility 
outlets that penetrate the slab. Exterior 
flat work is generally provided with expan
sion joints, which control the location of 
the shrinkage cracking. Placing expansion 
joints on interior slabs is not a common con
struction technique. Linear cracking common
ly occurs near walls due to the fact that the 
edge of the slab is restrained by the wall 
weight. During the later stages of curing, 
small hairline polygonal cracks can occur 
throughou t the slab section as the su bgrade 
soil and concrete dries. Curing of concrete 
can take a number of years. Major shrinkage 
cracking tends to develop during the first 
six months after pouring. Development of 
additional shrinkage cracks will continue 
over 2-3 years. 

Steel reinforcement is intended to reduce 
cracking. Wire mesh is the minimum rein-
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forcement requirement, but can be of limited 
effectiveness, unless placed in the upper 
one-third of the slab section. Reinforcement 
must be placed on blocks to insure its 
proper location in the slab, but this is 
difficult to accomplish and is generally not 
done. Instead, the wire is pulled up into 
the concrete after pouring. Experience 
indicates that the wire mesh generally 
remains near the bottom, or beneath the 
sla b, and is therefore, of limi ted 
effectiveness. Steel reinforcing bars 
provide a rnore positive method of 
reinforcement, but are more costly and time 
consuming to place. Blocking a grid of 
reinforcing bars is easier and does not 
hamper pouring of the slab. 

Placemen t of concrete for slab floors re
sults in irregularities that cannot be 
elimina ted. Doming, depressions, and slopes 
are common for slabs. Differential elevation 
changes across a new slab floor commonly 
range from 1/4 to 3/4 inches (6.2-19.0 mm). 
Irregularities greater than 3/4 inches 
(19.0 cm) can generally be noticed by walking 
on the floor and may be corrected in the 
construction process. 

Ceramic Tile 

Ceramic tile is a brittle construction 
rna terial and prone to cracking. The pro
pensity of concrete slabs to develop 
shrinkage cracking presents a problem when 
ceramic tile is placed on the slab without an 
adequate mortar bed. It is common to place 
ceramic tile on a slab floor by gluing the 
tile onto the slab. This procedure increases 
the risk that shrinkage cracks will result in 
hairline cracking of the adhered tile. 

Stucco and Plaster 

Plaster and stucco are cement products and 
subject to normal cracking. The most typical 
stucco crack pattern is diagonal and radiates 
from the corners of window and door openings 
(Fig. 1). The cracking develops at the 
corners due to shrinkage during curing. 
Stucco often develops a series of regularly 
spaced, vertical cracks, which occur along 
the studs. The severity of cracking is 
con trolled by the ratio of cement and water. 
Improper curing of different layers of the 
stucco can result in periodic cracking of the 

finished coat. 

Beca use of the lack of paneling on the 
inside of the garage, it is not unusual to 
get moderate to severe cracking above the 
service door for the garage. The lack of a 
shear panel increases the propensity for 
movement. Service doors are commonly placed 
near the contact of the garage footing and 
the residence footing, which are normally not 
tied together. Differential settlement bet
ween the two f ounda tions can result in 
adjustmen ts of the structure and cracking 
over the door, which is the weak point on the 
wall. 

Existing DeC ects 

Once cracking has occurred, a defect has 
been created. Future movement or adjustments 
of the residence will often magnify the 
cracking and irregularities. Normal settle
men t of a structure, movement due to changes 
in the live load or the wind load, or 
adjustments of the structure due to subtle 
soil movements tend to widen and lengthen the 
cosmetic cracking common to all wood frame 
and stucco construction. The character, 
pattern, and magnitude of the cracking must 
therefore be considered carefully in the geo
technical eva} ua tion. 

RECOGNIZING LANDSLIDE
RELA TED DISTRESS 

The key to recognizing distress suggestive 
of slope instability is the pattern of the 
distress. Detailed mapping of the charac
ter, location, magnitude, and extent of 
cracking is needed to evaluate whether or not 
such a pattern exists. The pattern of the 
cracking may be of greater significance than 
the magnitude of one crack. Random cracking 
rna y be the result of the typical performance 
of wood frame and stucco construction. Dis
tress concetltration and a pattern in the 
frequency and magnitude may suggest unusual 
movement of the structure. 

Distress dille to Landslides 

Lateral or downward movement of landslides 
commonly results in apparent settlement of a 
structure. When the scarp of the landslide 
occurs within the structure, a relatively 
sharp change in the amount of settlement 
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Figure 2: Abnormal cracking and irregul
arities associated with the development of a 
landslide across a structure. a: floor slab 
exhibits extension and differential movement 
in area of slide scarp. b: rapid change in 
elevation of floor in area of scarp, with 
relatively minor irregularities away from 
scarp. c: open cracks disrupt wall of resid
ence, openings are distorted above scarp. 
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often occurs near the scarp (Fig. 2). 
Further, the presence of wall or ceiling sep
arations within the settlement area can 
indicate a landslide origin. When the struc
ture falls within the limits of a large 
regional landslide, distress to the structure 
will often not suggest a landslide origin. 
Distortion and irregularities can be more 
subtle and appear related to minor settle
ment. Significant cracking may not develop. 
Differential movement between the cut and the 
filled portion of a building site can be re
juvenated leading the unwary investigator to 
diagnose the cause of the distress as fill 
settlemen t. 

Minor cracking around doors and windows 
may increase in magnitude and frequency in 
one portion of the home, for instance near 
the top of a descending slope. Distorted 
door and window openings may be deflected in 
a consistent direction. Ceiling beams and 
roof joints may consistently be separated in 
one direction. Measurable cracks, which 
distress adjacent and contiguous walls and 
ceilings, may be continuous across a portion 
of the residence. All of these signs suggest 
a pattern of distress possibly related to 
slope insta bili ty. 

Distress due to other 
Soil Related Movements 

Soil related processes can cause distress 
similar in appearance to major slope move
ment; this complicates recognition of a 
hazard. Types of soil movement that can dis
tress residential developments include alter
nate expansion and shrinkage of earth 
materials, fill settlement, and differential 
movement between cut and fill. 

Changes in moisture con ten t resul t in 
volume changes in expansive soils that can 
distress any rigid improvements. Moisture 
changes may occur due to over or under irrig
ation, rainfall, poor drainage control, and 
leaking utility lines. The house sewer line 
should not be overlooked as a possible source 
of increased moisture because of leakage. 
Movement due to expansive soil can cause 
significant cracking and irregularity in 
structures, especially when the expansive
ness of the soil is not considered in the 
foundation design. Unrein forced slabs and 
wood floors supported on isolated pier foot-
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ings tend to be the most vulnerable. Doming 
of floors and lifting of lighter portions of 
the structure are common distress patterns, 
suggestive of soil related distress (Figure 
3). 

Differential settlement can cause distress 
patterns similar to slope instability 
(Figure 4). Deeper fill sections will con
solidate more than shallow fills. Improve
ments that cross variably thick fill will 
experience irregulari ties due to normal, 
anticipated, differential settlement. Dis
tress patterns can be similar to slope 
instability where the thicker fill deposits 
exist near the top of slopes. Careful atten
tion to distress patterns and their correl
ation with the fill thickness is needed to 
differentiate settlement from slope instabil
ity. Differential settlement between earth 
materials can also cause cracking and irreg
ularity of improvements, which may be mis
interpreted to be slope instability. 

EXPLORATION TECHNIQUES 
AND LIMIT A TIONS 

Subsurface exploration is critical to the 
determina tion of the type and mechanics of 
slope instability. But property line limit
ations, physical site constraints, high 
costs, and reluctant neighbors hamper site 
and neighborhood reconnaissance. Convention
al exploration techniques are aided by modern 
instrumentation and detailed site monitor
ing. 

Site Reconnaissance 

The initial visit should include careful 
observation of the site and neighborhood 
conditions. The condition of the street and 
surrounding improvements should be noted; 
they may suggest a pattern and give a clue to 
the causes and extent of the distress under 
in vestiga tion. Cracking in streets and side
walks can be the resul t of settlemen t of 
utility line backfill, differential settle
ment between cut and fill, and the effects of 
expansive soil. Unfortunately, initial move
ment of large regional landslides has often 
resul ted in distress of graded streets and 
pads along the cut and fill contacts, lead
ing early investigators to assume that the 
cracking is related to grading and not to 
regional instability. 
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Figure 3: Abnormal cracking and irregular
ities suggestive of expansive soil heaving. 
a: cracking radiates from domed area of slab. 
b: obvious doming associated with the crack 
pattern, the elevation differential exceeds 
19 mm. c: distorted window and door openings 
in residence wall, the crack widths exceed 
1/16 in (1.6 mm). 
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Figure 4: Abnormal cracking and irregular
ities suggestive of differential settlement. 
a: cracks in slab with vertical displacement 
and widths in excess of 1/16 in (1.6 mm). b: 
sloping floor with obvious elevation differ
en tial grea ter than 3/4 in (19 mm)~ related 
to cracking. c: severity of wall cracking~ 
and degree of distortion of window and door 
openings, increases 'toward area of settle
ment. 
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A tten tion should be paid to all adjacent 
developments. Ongoing repairs or exterior 
distress similar to that on the site being 
investigated may suggest a regional problem. 
Unfortunately, neighbors are generally reluc
tant to discuss problems concerning their 
homes. People do not like to acknowledge 
that their home may be unstable. Cracking 
may have been ignored in the hope that it is 
not significant. In addition, information 
provided by neighbors may not be accurate; 
it must be verified prior to serious inclus
ion in to the data base. 

The residence and surrounding grounds 
should be carefully viewed and distress 
categorized in detail. Comparison between 
initial observations and conditions at a 
later date can be a useful tool to distin
guish the character and magnitude of move
ment. Changes in the width and pattern of 
cracking can serve as an initial moni toring 
tool. However, stress release within a 
structure after movement has stopped can 
resul t in enlargement of distress giving the 
false impression of continued movement. 

Distress of free standing garden walls 
perpendicular to slopes can be a good indic
ator of slope movement. Construction and 
reinforcement of these walls is generally 
poor and distress can indicate yielding and 
movement of the slope. The pattern of any 
cracking on exterior slabs and walks can also 
be a clue to the cause of the distress. 

Evaluating the relative elevation of the 
residence floor is a useful approach. A 
floor level survey can be quickly and econom
ically performed using a water level or mano
meter. Two interconnected columns of water 
will seek the same level, regardless of the 
distance between the columns. Using this 
principle, one water column is placed in a 
fixed location and serves as the zero point 
or datum. The other column is provided with 
a measuring scale to calibrate differences in. 
elevation from the datum. The scaled water 
column is moved throughout the house and the 
difference in elevation relative to the datum 
is recorded. Readings are taken at frequent 
in tervals and data points are con toured. The 
interpretation of the results is useful in 
evaluating the cause of cracking and can 
also help to establish whether unusual irreg-
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ularities exist (Figs. 1-4). Manometer read
ings should be carefully recorded on a 
systematic grid if possible. This will allow 
the survey sites to be duplicated at a later 
date as part of the continuing monitoring 
process. 

Subsurface I~xploration 

Adequate subsurface exploration is imper
ative, but is generally limited by economic 
and physical constraints. Property lines 
limit the area available for exploration; 
this may not allow adequate exploration of 
the postulated instability. Neighbors are 
rarely willing to allow subsurface explorat
ion on their property to eva I ua te a pos
si ble landslide that they do not want to 
exist. 

Existing improvements limit the open space 
available for drilling-rig access. Often the 
cost of preparing a site for drilling-rig 
access and cleaning up after the drilling 
exceeds the cost of the exploratory boring. 
The home-owner must be fully supportive of 
the exploration, as it is impossible to re
turn the property to its pre-exploration 
condition. Limited access generally requires 
the use of portable drilling equipment. Such 
a small rig has lower power and drilling 
capability, which makes a deep boring costly, 
time consuming, and sometimes impossible. 

When possible, a portable rig can be sup
plemented with a full size drilling rig where 
access is better. However, access is gener
ally available only away from the top of the 
slope and the potential problem area. The 
full size rig is able to advance a deep 
boring at a more economical rate and can 
provide detailed information to be correlated 
with the limited data obtained from the 
holes drilled with the smaller, portable 
rigs. 

Hand labor can be effective when used in 
combination with drilling equipment. Hand 
labor can be used to verify the depth of 
f ounda tions, and to exca va te test holes on 
the inside of structures and on the slope 
face. The information is then correlated 
with data from the from the deep borings. 
Hand labor can be cost effective if explorat
ory excavations are limited to 15-20 feet 
(4.6-6.1 m). 

Exploration by Instrumentation 

Exploration time can be minimized when 
exploring an area of active movement by be
ginning the program with instrumentation. 
Slope indicators and tiltmeters are widely 
employed, easy to use, methods, which can be 
effective in defining the depth, areal ex
tent, and rate of movement. This inform
ation is imperative for the selection of a 
stabilization method. Data from the early 
monitoring can be correlated with drill hole 
data to define the causes of the movement and 
remove the inconsistencies of subjective 
interpretation of bore hole data from the 
evaluation. 

The Need for Assumptions 

Any evaluation will require assumptions. 
Data limitations resulting from monetary and 
time constraints make this a reality. Un
fortunately, those using your evaluation want 
absolutes. The insurance adjustor, the at
torney, and the homeowner do not want "maybe" 
and "appears to be", but these cannot be 
eliminated from the exploration phase. Con
tinued monitoring during the project will 
help eliminate some of the assumptions. 

The Impolrtance of Monitoring 

Monitoring the site from the initial 
recognition through the stabilization phase 
helps to verify causes of instability, and to 
choose the de:sign scheme; thus it contributes 
to the success of the treatment. Establish
ing a monitoring base should be done as 
early in the investigation as possible. 
Monitoring can be accomplished with tech
niques as sinlple as accurate crack mapping 
and manometer readings. More detailed 
monitoring can include instrumentation with 
til tmeters and slope indica tors. All forms 
of monitoring should be utilized if possible. 

Moni toring should be performed throughout 
data evaluation, preparation of stabilization 
plans, and implementation of the stabiliz
ation program. Continued involvement in the 
property increases the geotechnical investig
ator's confidence with hypothesized causes of 
the movement, which are fundamental to estab
lishing site stability. Changed physical 
conditions should be recognized and incorpor
ated into the analysis so as to provide the 



most effective and site specific stabiliz
ation approach. Continued monitoring after 
stabilization helps provide assurance that 
the selected stabilization method is success
ful. 

SELECTION OF A REASONABLE 
REMEDIAL TREATMENT 

Selection of reasonable repair methods and 
stabilization devices depends on the limits 
of the failing mass and whether the instab
ility is associated with failure along a 
predetermined defect or an inherently weak 
mass. Easy-to-use computer programs can aid 
in the evaluation of the most critical fail
ure surface and in the design of the repair. 
But the investigator must be aware of the 
limitations of soil sampling and laboratory 
testing techniques. These limitations must 
be accounted for by including an adequate 
factor of safety in the final design. When 
a good understanding of the slide geometry 
is present, the back calculated strengths 
should be used over the laboratory strengths. 

What is a Reasonable Remedial Treatment? 

The homeowner is not served by a time
consuming exploration program that does not 
resul t in a conclusion; just as he is not 
served by a hasty, poorly thought-out stabil
ization approach. Repairs are effective if 
the factor of safety is sufficiently increas
ed, by common and economical construction 
techniques, and in a timely manner. 

A reasonable remedial treatment is a re
pair approach that can and would be implemen
ted by a homeowner to improve the sta bili ty 
of the property. A reasonable repair includ
es stabilization of the site with a suffic
ient factor of safety to improve the con
dition relative to that which presently 
exists, and eliminate a hazard. The repair 
approach should consider the age and economic 
life of the improvement being treated. 
These elemen ts are, however, secondary to 
eliminating a hazard. Typically, it is not 
possible to eliminate completely the risk to 
the property, or to eliminate slope instabil
ity on and around the site. Maintenance 
requirements for all elements of the repair 
are important considera tions. Possible dim
inution of the property value is not a 
hazard and should not be considered in sel-
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ecting a repair approach. 

The temptation is to recommend a system 
which is designed to resist all possible 
scenarios and has a high factor of safety to 
allow for events that were not anticipated. 
But those types of repairs are rarely im
plemented, due to the cost and difficulty of 
construction. Major f ounda tion underpinning 
and site regrading may not be reasonable 
remedial treatments, if a hazard does not ex
ist and the treatment is intended to upgrade 
the site to modern standards for the purposes 
of maintaining the resale value of the 
property. 

Any repair approach should utilize conven
tional construction techniques: these can be 
implemented with the least difficulty. Mass 
grading is cost effective, but can rarely be 
utilized due to constraints imposed by 
existing improvements. Soldier piles are 
used where physical constraints limit 
grading that can be undertaken to stabilize 
the failing mass. Pile design analysis 
requires a knowledge of the variation in 
strength parameters within the soil mass. 
Increasing the density of the soil by grou t
ing can reduce, but not eliminate, the 
poten tial for future settlement. Grouting 
can be successful in hillside areas when used 
in combination with soldier piles, which 
retain grout and soil. Shear pins can be 
used effectively when failure is occurring in 
a strong mass along a weak, well-defined 
failure plane. Shear pins are more econom
ical than soldier piles, because they are 
designed to resist movement only along the 
weak bed. The slope gradien t can be lowered, 
and a more stable condition created, through 
use of retaining walls. Dewa tering is 
crucial to the design scheme and the an tic
ipated life of the system. 

SUMMARY AND CONCLUSIONS 

Single family residential construction is 
not a perfect process. Cracking and irregul
arities occur with all forms of construction, 
due to the typical performance of building 
materials, the degree of care applied by the 
builder, normal deteriora tion, and soil 
movement. Wood shrinkage can be significant 
and result in apparent settlement, gaps, and 
irregularities, which are interpreted by 
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owners to be suggestive of foundation and 
land movement. Concrete products shrink 
during curing, causing cracks that cannot be 
elimina ted. Sla b doming, depressions, 
slopes, and cracks are common and can be 
misin terpreted as an indica tion of soil 
movement. Normal plaster and stucco cracks 
radiate off the corners of window and door 
openings. Normal settlement of a structure, 
movement due to changes in live load or wind 
load, or adjustments of the structure due to 
subtle soil movements, tend to widen and 
lengthen the cosmetic cracking common to all 
wood frame and stucco construction. Success
ful identification of slope instability re
quires the geotechnical professional to 
differentiate typical construction perform
ance from cracking and irregularities due to 
slope movement. 

The character, pattern, and magnitude of 
the cracking must be carefully observed as it 
is the key to recognizing distress suggestive 
of slope instability. Distress concentration 
and a regular pattern of frequency and magni
tude may suggest unusual movement of the 
structure. Distress of a residence affected 
by the early stages of large regional 
landslide movement can be more subtle and 
appear related to minor settlement. Differ
ential movement between the cut and fill 
portions of a building site can be re
juvenated leading the investigator to mis
diagnose the cause of the distress. Alter
nate expansion and shrinkage of earth 
materials, fill settlement, and differential 
movement between cut and fill can cause 
distress similar in appearance to that caused 
by major slope movement; this complicates 
recognition of the hazard. Such forms of 
distress can be misinterpreted as caused by 
slope instability. 

Initial site observations should include 
careful observation of the site and neighbor
hood conditions. Comparison between initial 
observations and conditions at a later date 
can help distinguish the character and magni
tude of movement. Monitoring changes in 
crack width and pattern is useful, but stress 
release within a structure can result in 
enlargement of distress after slope movement 
has stopped; this gives the false impression 
of continued movement. The relative elev
ation of the residence floor can be quickly 
and economically determined with a mano-

meter. These data are useful in evaluating 
the cause of the cracking and establishing 
whether or not unusual irregularities exist. 
Manometer readings can be economically in
corporated into the continuing monitoring 
program. 

Subsurface exploration is critical to the 
determination of the type and mechanics of 
slope instability, but is generally limited 
by economic and physical constraints. Prop
erty line limits may not allow adequate ex
ploration. Exploration should incorporate 
full size ddlling equipment, portable equip
ment, and hand labor to obtain the maximum 
amount of subsurface information. Simple 
instrumentation can be effective in defining 
the depth, areal extent and rate of movement; 
these must be known before recommending a 
stabilization method. Where data are limited 
by monetary and time constraints, assumptions 
must be entered into the analysis, despite 
the clients' desire for absolutes. 

Monitoring should be performed throughout 
all stages of the project, from the initial 
site visit to the final stabilization pro
gram. The results increase the geotechnical 
investigator's confidence with hypothesized 
ca uses of the movement. Monitoring allows 
changed physical conditions to be recognized 
and incorporated into the analysis and the 
stabilization strategy. Monitoring after 
stabilization helps provide assurance that 
the remedy is successful. 

Stabilization recommendations depend on 
the limits of the failing mass, and whether 
failure is occurring along a predetermined 
defect or through an inherently weak mass. 
The limitations of soil sampling and laborat
ory testing must be accounted for by includ
ing an adequate factor of safety in the final 
design. 

The public is not served by a time con
suming, inconclusive exploration, nor by a 
hasty, poorly thought-out stabilization ap
proach. A reasonable remedy satisfies the 
following criteria. 

1. It can and would be implemented by the 
homeowner. 

2. It uses economical construction tech
niques in a timely manner. 



3. It stabilizes the site with a suf
ficient factor of safety to improve 
the condition relative to that which 
currently exists and eliminates a haz
ardous condition. 

The identification of subtle residential 
distress presents a challenging problem for 
the geotechnical professional. Only careful 
examination and considerable experience will 
permit the differentiation between normal, 
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construction-related distress and that which 
is caused by instability. There are no 
substitutes for detailed observation. Con
sultants must constantly be aware and in
formed of construction techniques and common 
shortfalls. Occasional observation of new 
residences under construction and connection 
with experienced contractors is as important 
as keeping abreast of new techniques in 
landslide in vestiga tion. 
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GEOPHYSICAL .INVESTIGATION OF ANCIENT LANDSLIDES: 
AN EXAMPLE .. ,FROM ... SALINE _ VALLEY, SOUTHEASTERN . CALIFORNIA 

Laura E. Jones Stephen K. Park 
Department of Earth Sciences 

University of California 
Riverside, CA 92521 

ABSTRACT 

Vertical electrical soundings and magnetotelluric methods are employed 
as crucial evidence that granitic outcrops in the Saline Valley, previously 
mapped as faulted basement rock, are actually an ancient rock-avalanche 
deposit. We present these methods as a non-destruc:tive, simple, and proven 
strategy for identifying bedrock landslides that come to rest on the floor 
of a sedimentary basin. 

INTRODUCTION 

The Saline Valley is a north west trending, 
closed, evaporitic basin located west of 
Death Valley in eastern central California. A 
feature roughly 32 kilometers in length, it 
is bounded on the west by the plutonic and 
the metasedimentary rocks of the Inyo and 
Nelson Ranges, to the north by the Pliocene 
volcanic rocks of the Saline Range, and on 
the east by the metasedimentary rocks of the 
Last Chance Range, and the plutonics of the 
Hunter Mountain Batholith (Fig. 1). 

Models built on the results of earlier 
gravity surveys indicate that the Saline 
basin con tains 914 meters of sedimen tary 
fill at its deepest point. The basement 
rocks of the basin floor are thus expected to 
lie deep under sedimentary cover. Further, 
the valley is bounded to the west by steep, 
youthful escarpments with large, associated 
alluvial fans and debris cones, and to the 
east by less precipitous ranges. From the 
youthful geomorphology of the surrounding 
terrain one might infer rapid basin subsid
ence, especially along the western range 
front. 

Yet toward the southwestern and presumably 
deepest part of the basin, several small 
knolls of plutonic basement rock rise above 
the sedimentary surface. The knolls are 
presently mapped as faulted basement (Chapman 
et al., 1971). We propose that the knolls 
are not in-situ basement outcrop. Rather, 

they represent the surface ridges of an 
ancient, perhaps partially buried, rock a val
anche. 

The steep, rapidly uplifted ranges boun
ding the basin to the west provide a 
plausible source for landslides. Two large 
slides (mapped as such) are visible along the 
western range front toward the northwestern 
end of the valley. In addi tion, the knolls 
possess a slide-like physiography: steep, 
arcuate leading edges, and hummocky surfaces 
with closed depressions. What remains is 
somehow to prove that the knolls are, indeed, 
a rock avalanche deposit. We present evidence 
here to support this proposal, and a non
destructive, simple and proven method for 
identifying such landslides. 

As Saline Valley is located in a wilder
ness study area, we needed a passive, non
destructive method which would yield quick 
and reliable results. A gravity survey was 
attempted, but the method was not sensitive 
enough on the scale performed. Vertical 
electrical soundings, coupled with magneto
tellurics, did, however, provide an answer. 

METHODS 

Magnetotelluric measurements and vertical 
electrical soundings were used to determine 
the geometry and vertical extent of the 
granitic knolls in Saline Valley. Both 
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Figure 1: Generalized geologic map (after Streitz and Stinson, 1974). The 
box in the lower right quadrant of the map is the outline of figure 5. 
Vertical electrical soundings are indica ted by numbered triangles. 
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methods are sensitive to variations in 
material resistivity. Resistivity is a 
measure of how well or, more accurately, how 
poorly a rock conducts electricity. Most 
minerals are insulators at crustal pressures 
and temperatures; conduction thus occurs via 
electrolytic fluids in pores and cracks. An 
increase in saturated porosity, fluid sal
inity, fracture density or clay content 
decreases the resistivity of a rock. Table I 
lists typical resistivities for rock types 
presen t in Saline Valley. 

Table 1: Resistivities of Common Rocks 

Granites 
Alluvium and Sands 
Clays 
Argillites 

300 to 106 ohm-meters 
10 to 800 ohm-meters 
1 to 100 ohm-meters 

10 to 800 ohm-meters 

(from: Telford, et al., 1976) 

The sedimentary fill in the valley should 
be less resistive than the granitic rock 
flooring it, and forming the anomalous out
crops. Geoelectrical measurements were thus 
employed in Saline Valley to detect the 
contrast between resistive basement rock and 
conductive alluvium. 

VERTICAL ELECTRICAL SOUNDING 

Vertical electrical soundings measure the 
DC resistivity of the earth and are prin
cipally useful for mapping changes in 
resistivity with depth. Current is injected 
into the earth with a dipole, and the voltage 
(the earth's response) is measured with an 
additional dipole (Fig. 2A). Deeper sections 
of the earth are sensed by increasing the 
length of the current dipole. The voltage 
measured across the other dipole will change 
due to both changing array geometry, and 
changing resistivity. 

We correct for array geometry by calcul
ating an apparent resistivity under the 
assumption that the earth is homogeneous; 

r = ~ [ (AB)2 - a
2

] ~ 
a 4 a I 

where a and AB are shown in figure 2A, V is 

the measured voltage, and I is the current 
in trod uced in to the ground. 

Apparent resistivity is only equal to the 
true resistivity of the earth if the earth is 
homogeneous. We must use a computer program 
or master curves to deduce the structure of 
the earth in all other cases. We used an 
interpretive program, NLSDCLAG, written by 

a: Vertical Electrical Soundings 

5BEx 

EJ:Z3Ey 

ESBHx 
~Hy 
t~ 

b: Magnetotell urics 

Figure 2: Il iustration of methods of vertical 
electrical sounding and magnetotell urics. In 
magnetotellurics, electric and magnetic 
fields are monitored through time and then 
analyzed using techniques of signal pro
cessing. The result is the earth's response, 
E/H, as a function of frequency. 
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Figure 3: Vertical electrical soundings for the sites in figure 1. The 
solid dots are data, while the curves are the modeled responses. Apparent 
resistivities are plotted versus -one-half the length of the current dipole 
on log-log plots. Depths are plotted using the same logarithmic scale as 
AB/2. The model is shown at the bottom of each sounding, and layer 
resistivities are also provided. 

Anderson (I979). This program assumes that 
the earth is layered (i.e., one-dimensional). 
Examples of interpreted data and layered 
models are shown in figure 3. Apparent 
resistivities are conventionally plotted 
against one half of the length of the current 
dipole. We discuss these data in a later 
section. 

MAGNETOTELLURIC MEASUREMENTS 

Magnetotelluric methods are used to 
measure the natural electromagnetic fields 
present in the earth. Telluric currents are 
induced in the earth by small fluctuations in 
the earth's magnetic field. These currents 
distribute themselves in the crust, flowing 
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Figure 4: Two possible configura tions for the 
outcrop in figure l. Telluric currents (heavy 
dashed lines) will be undistorted by a 
landslide deposit (Fig. 4A), and polarization 
ellipses are not deflected by the outcrop. If 
the outcrop is actually connected to basement 
(Fig. 4B), then the telluric currents flow 
preferentially around the resistive basement, 
and the ellipses are deflected. 

preferentially in conductive features, such 
as sedimentary basins. 

Saline Valley is an elongated, cond ucti ve 
feature. We thus expect to see most of the 
current flowing along its axis. (Fig. 1) The 
electric fields created by telluric currents 
are measured with long (1 km) dipoles, and 
the inducing magnetic field with coils. (Fig. 
2B) The measured electric fields are nor-

malized (divided) by the measured magnetic 
fields to c:orrect for geometric biases 
introduced by the source. We then have a 
measure of how the telluric currents are 
distorted by the heterogeneous earth. 

We expect to find current aligned along 
the axis of Saline Valley, unless it is 
deflected by intra-valley structure. A land
slide deposit would not significantly alter 
the direction of current flow down the axis 
of the valley (Fig. 4A). The currents would 
pass, undeflected, through the cond ucti ve 
sediment beneath the landslide. However, if 
the outcrop is attached to basement, currents 
tra veling down the valley will be deflected 
around the resistive knob it presents (Fig. 
4B). 

The ellipses shown in figure 4 are plots 
of the polarization of the electric field, 
corrected fo r the source magnetic field. 
The major axis of the ellipse indicates the 
azimuth of maximum current flow. We should be 
able to determine whether the outcrop is 
attached to basement by examining how the 
polariza tion ellipses behave near the ou t
crop. 

INTERPRI~T ATION 

Though fairly coherent, the knolls are 
composed of shattered, chaotic and yet 
surprisingly fresh granitoid rocks similar to 
those found to the east in the Nelson Range 
and to the west in the Hunter Mountain 
batholith. The steep eastern edge of the 
larger knoB, presently mapped as fault
bounded (Chapman et al., 1971), displays no 
classic evidence of faulting. The rocks are 
shattered but not powdered or altered, and 
the degree of shattering is uniform -- it 
does not increase approaching any particular 
linear f ea ture. 

In addition, the knolls display a dimpled 
and hummocky surface with the arcuate leading 
edges and closed depressions often charac
teristic of rock avalanche deposits (Morton, 
Sadler and Minnich, this vol ume, for 
examples in the San Gabriel Mountains; 
Morton and Sadler, this volume, for a sketch 
of the Martinez rock avalanche; Sadler and 
Morton, this volume, and Keefer and Wilson, 
this volume, for views of the Blackhawk rock 
avalanche). 



Vertical Electrical Soundings: 

The data from four vertical electrical 
soundings performed in Saline Valley are used 
here (Fig. 5). Site I was established in 
the salt-pan area north-west of the knolls; 
Site 2 lay adjacent to the knolls along 
Saline Valley Road. Site 3 was run across 
the south-eastern and largest knoll at an 
azimuth of 25 degrees west of north, and Site 
4 was established in the southern end of the 
valley along Race-Track Valley Road, perpen
dicular to the valley axis. 

The data from Site 1 (see Fig. 3) are 
typical of saturated lacustrine sediments. 
Plotted, the data shows a trend of gradual 
increase in apparent resistivity with depth, 
from one ohm-meter at the surface, and 
increasing to approximately 57 ohm-meters at 
a depth of one hundred meters. We modeled 
the data from this site using a three-layer 
model: the initial layer, at a resistivity of 
one ohm-meter, corresponds to the surficial 
layer of saturated borates and fine marls. 
(N ote that the water table was at the sur
face: standing water was observed.) Below 
this, there is a thick section of slightly 
higher resistivity, inferred to be lacustrine 
sediments. The slight increase in resist
ivity at 100 meters depth is due, perhaps, 
to a decrease in porosity or clay content. 
We do not see the basement resistivity at 
this site. 

Resistivities from Site 2 are initially 
high due to a surficial layer of dry, porous 
gravel and wind-blown sand. Here, we used a 
four-layer model: the initial layer, approx
imately 8 meters in thickness, has a 
resistivity of 875 ohm-meters, and rep
resents, as above, dry surficial deposits. 
At 8 meters depth the resistivity drops to 
202 ohm-meters, perhaps due to an increase in 
clay content, or slight increase in mois
ture. The next striking drop in resistivity, 
at 70-80 meters depth, represents the water 
table. We encounter highly resistive 
ma terial, inferred to be basement, at a 
depth of approximately 700 meters. This 
material has a resistivity of 2629 ohm
meters. The dipole array for this site was 
centered just south of the knolls, and the 
survey ran along Saline Valley road in the 
vicinity of the knolls. Thus, alone it has 
provided some indication of the depth to 
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crystalline basement in the area. 

As Site 3 was centered on the larger of 
the two knolls of granitic rock, we expected 
to find one of two scenarios there. In one 
case, resistivities would be high initially 
due to dry surficial deposits. However, they 
would not drop significantly with increased 
depth; bu t ra ther, would increase at greater 
depths as we sounded deeper into resistive, 
crystalline rock. This is the si tua tion we 
expected to find if the knolls were actually 
rooted basement blocks. 

Also possible, and more probable, was the 
situation wherein initially high resist-
ivities, associated with dry granitic 
material, would drop sharply with depth, 
approaching values found at depth in Site 2. 
This is what we expected to measure if the 
knolls were unrooted at depth: if they were, 
essentially, sheets of reslstlve granitic 
rubble atop conductive sediment. The data 
from Site 3 (Fig. 3) clearly show evidence 
of a low resistivity layer comparable to that 
found at Site 2. 

Initially high resistivities of approx
imately 1470 ohm-meters are seen surficially, 
in the uppermost 3-4 meters. The ensuing 100 
meter section has a resistivity of 139 ohm
meters, which is reasonable for consolidated 
sediment, or highly fractured crystalline 
rock. At 100 meters depth, the resistivity 
drops to 29 ohm-meters. Here, we infer that 
we have encountered the water table, as 
depths are similar to those seen at Site 2. 
Note that the knolls rise approximately 
thirty meters above the basin floor; and 
recall that, in Site 2, the water table was 
encountered at approximately 70 meters depth. 
Resistivities are similar at the water table: 
29 ohm-meters at Site 3, as compared to 33 
ohm-meters at Site 2. As in Site 1, we did 
not encounter basement here. The finite size 
of the knoll limited our maximum current 
dipole length to 1000 meters. 

Site 4, at the southern end of the valley, 
produced responses characteristic of shallow 
alluvium overlying basement material. Resist
ivities are high near surface, reflecting 
the presence of dry, porous alluvium. A 
change in lithology or pore size may account 
for the decrease in resistivity at a depth of 
approximately 10 meters. Crystalline basement 
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Figure 5: Polarization ellipses and vertical electrical soundings near the knolls. The 
polarization ellipses are plotted from the principal axes of the impedance tensors at .04 

Hertz. The interpreted sections from vertical electrical soundings are taken from figure 
3. Triangles mark vertical electrical soundings and solid circles mark magnetotelluric 
stations. The scale for the ellipses is shown in (mV /km)/(Gammas*Hz), but the ellipse at 
Site A has been reduced by a factor of 4. Note the remarkable uniformity in direction 
between the ellipses. 



rock, encountered at a depth of approximately 
20 meters, and exhibiting a resistivity of 
2570 ohm-meters, occurs at a somewhat 
shallower depth here than at Site Two. The 
subsequent and dramatic drop in resistivity 
observed at a depth of 44 meters may be due 
to the water table. Note that this site is 
approximately 270 meters higher than at Site 
2. 

Magnetotelluric Data 

Figure 5 illustrates the polarization 
ellipses for three magnetotelluric sites, 
along with plotted results from three 
vertical electrical soundings. Polarization 
ellipses depict, in simple terms, the 
direction of maximum and minimum current 
flow at each si teo The direction of greatest 
current flow is parallel to the major axis of 
the ellipse. Similarly, minimunl current flow 
is depicted by the minor axis. The 
polarization ellipses in figure 5 are 
calculated from the principal axes of an 
impedance tensor associated with the local 
electric and magnetic field. Impedance is a 
tensor because it relates two vectors -- the 
electric field and the magnetic field. This 
impedance tensor (Z) represents the earth's 
response and is essentially the electric 
field (E) normalized by the source magnetic 
field (H). 

Z=E/H 

Though impedance is often treated like 
resistance, in this case the two are not 
analogous. The direction of maximum impedance 
corresponds to the direction of maximum 
electric field, and thus maximum current 
flow. Analysis of the impedance tensor is 
conceptually akin to the analysis of a stress 
tensor: it is rotated to find principal axes 
in a similar fashion. 

Turning again to figure 5, we see that, 
indeed, current direction is virtually 
unaffected by the presence of the knolls. As 
expected, given that the knolls are rootless 
rock-avalanche deposits, the current passes 
undiverted down the axis of the valley. 

CONCLUSIONS 

We have shown that the anomalous knolls in 
Saline Valley are the product of landslide 
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activity. In so doing, we have presented here 
a straight-forward, non-destructive method 
for proving tha t a geologic f ea ture is 
unrooted at depth and thus is, as suspected, 
a slide deposit. The method has an obvious 
shortcoming in that it will only work in 
situations where the contrast in resistivity 
between the structure of interest and the 
surrounding material is great enough. A 
bedrock landslide deposit resting on porous 
sedimen t meets this criterion. 

APPENDIX 

We provide more complete descriptions of 
the methods in this section~ and specifically 
discuss field procedures. The vertical elec
trical soundings were completed with a BISON 
model 2390T IP transmitter and a voltage 
recei ver of our own design. 

Measuremen ts were made using curren t 
transmitted as a square wave at one Hertz. 
The receiver filtered out all spurious sig
nals except the transmitted signal, so we 
achieved a high signal-to-noise ratio. We 
employed copper stakes as current electrodes, 
but used Ag-AgCI standard electrodes for the 
voltage electrodes. Each sounding was begun 
with short current dipole lengths. Dipole 
lengths were later increased. Each sounding 
required approximately three to four hours to 
complete, with most of the time spent ob
taining measurements at the longer current 
dipole spacings. 

The magnetotelluric stations were much 
more difficult to obtain. We averaged one 
station per day. All equipment used was 
designed and built by one of us (S. K. Park). 
The magnetic fields were measured with two 
coils, each of which possessed 90,000 turns 
of copper wire. These were buried 12 inches 
deep to a void wind noise and noise from 
thermal variations. The electric fields were 
measured with Ag-AgCI electrodes and dipoles 
one kilometer in length. The signals obtained 
from both the coils and the dipoles were 
amplified, filtered and then sampled with a 
16 bit AID system. Data were sent directly to 
an HPIIO portable computer for storage and 
preliminary processing. We recorded between 
one and three time series per site, each of 
which was 4,096 seconds long. 

The analysis of magnetotelluric data is 
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routinely performed in the frequency domain. 
We therefore transformed our data from the 
time domain, where it was recorded, to the 
frequency domain using a Fast Fourier Trans
form, and then removed the responses of the 
recording systeln. Impedance tensors rela ting 
the electric field to the magnetic field 
were next computed. Finally, we calculated 
the magnitudes and directions of the prin
cipal axes of the impedance tensor, and these 
were plotted as ellipses in figure 5. 

REFERENC]~S 

Anderson, W. L., 1979, NARQDCLAG: Inversion 

of DC Schlumberger Soundings by Lagged 
Convolution: U. S. Geological Survey Open 
File Report 79-1432. 

Chapman, R. H., Healey D. L., and Troxel 
B., 1971, Bouguer Gravity Map of 
California: Death Valley Sheet (Geology 
from Streitz and Stinson: Geologic Map of 
California, Death Valley Sheet, 1974) 

Streitz, R., and Stinson, M C., 1974, Death 
Valley Sheet, California Division of Mines 
and Geology, Geologic Map of California, 
1:250,000. 

Telford, W. M., Geldart, L. P., Sherriff, R. 
E., and Keys, D. A., 1976, Applied 
Geophysics, Cambridge University Press. 



Publications of the Inland Geological Society 1989 Volume 2:61-77 

EVALUATION OF LANDSLIDE HAZARDS: 
AN ECONOMIC SYNTHESIS OF GEOLOGIC . INFORMATION 

Richard L. Bernknopf 
U.S. Geological Survey 

Reston, Virginia 

David S. Brookshire 
Dept. of Economics 

University of Wyoming 
Laramie, Wyoming 

Russell H. Campbell 
U.S. Geological Survey 

Reston, Virginia 

ABSTRACT 

The objective of benefit-cost study is to find a mitigation strategy, 
from all of the potential choices, that maximizes net benefits to a 
community. Benefit-cost analysis is a financial feasibility analysis that 
compares expected benefits and expected costs. Application of benefit-cost 
implicitly requires community acceptance of elements of uncertainty and 
risk, expressed as some probability distribution of benefits and costs in 
time. 

Estimating the expected benefits from landslide mitigation requires 
that existing information about the spatial distribution of the potential 
for landslide hazard is converted to a reproducible, quantitative, 
probabilistic form. The preferred probabilistic model for landslides will 
be determined by information about the presence or absence of systematic 
relationships among the physical phenomena that contribute to landslide 
susceptibility in a given area. 

INTRODUCTION 

Common practices for the economic eval
uation of alternative sites for public and 
private investment ignore (or, at best, 
under-utilize) significant existing geologic 
and geotechnical inf orma tion. In vestmen t 
decisions in landslide-prone regions result, 
too frequently, in the selection of sites 
where disproportionately large expenditures 
for mitigation may be required, and in the 
rejection (avoidance) of sites where miti
gation could be cost effective. An improved 
capability to assess the relative levels of 
hazard among alternative sites on the basis 
of available geologic information about 
active earth processes could significantly 
enhance the investment decision process. 

Past landslide events have caused billions 
of dollars in private and public property 
losses in the United States (Slosson and 
Krohn, 1982; Fleming and Taylor, 1980). The 
potential for future landslide losses is 
increasing because of current and future 
urban expansion into hillside areas. As a 
result, the vulnerability of individuals and 
communities is increasing. 

Opportunities exist for government organ
izations, businesses, and individuals to 
reduce their vulnerability to landslide loss
es. Land-use regulations, such as zoning and 
planning requirements, and engineering 
approaches to mitigation, such as grading to 
improve stability and the construction of 
protective structures, have been successful 
in reducing losses in some communities (see 
Slosson and Krohn, 1982). Mitigation re
quirements have generally been imposed by 
local governments in response to relatively 
brief episodes of disastrous losses. Many 
communities do not recognize their potential 
for losses from landslides because their 
historic losses have not been disastrous. 
Additionally, the implementation of approp
riate public and private mitigation measures 
has been hindered by the failure to link 
geologic information into an investment 
feasibility framework. 

Economic techniques are a vaila ble that 
systematically compare the financial returns 
and capital costs of investment alternatives. 
Private gains and losses are measured by 
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comparing changes in profits, sales, or mar
ket share. For the pu blic sector, benef i t
cost analysis provides a relative measure 
of the value of a public project by treating 
pu blic expenditure as an in vestmen t in loss 
prevention by the community as a whole. 
Benefit-cost analysis is a form of financial 
feasibility analysis that compares the ex
pected benefits and expected costs. Estim
ating the expected benefits from landslide 
mitigation requires that existing information 
about the spatial distribution of the 
poten tial for landslides is converted to rep
roducible, quantitative, probabilistic form. 

CONSIDERATIONS OF 
BENEFIT-COST ANALYSIS 

Benefit-cost analysis assesses the relat
ive economic values of alternative community 
mitigation strategies. If a community wish
es to establish a set of regulations designed 
to reduce losses from landslide hazards, 
benefit-cost analysis can provide a forecast 
of the net benefits of each alterna ti ve set 
of proposed regulations and, thereby, iden
tify the set that is expected to yield the 
maximum net benefits. The decision-maker can 
then select the option that is most prefer
red according to the economic objective to 
be optimized (Dasgupta and Pearce, 1972). 

In the context of benefit-cost analysis, 
the objective of imposing a community rule 
for landslide mitigation is to insure that 
the social gains outweigh the potential 
losses and costs to individuals adversely 
affected by the rule. For instance, a rule 
that imposed mitigation in all locations 
would yield net benefits to the community 
measured as the dollar difference between 
benefits to individuals who would avoid 
losses in high risk areas, and the cost of 
their mitigation, plus the cost to others who 
would be required to invest unnecessarily in 
protection in low risk areas. An alterna ti ve 
rule might require mitigation in high risk 
areas only, thereby reducing the extent of 
mitigation while potentially yielding larger 
net benefits to the community (Bernknopf et 
al., 1988b). 

A commercial appraisal of a project or 
policy only considers the revenues and costs 
that would accrue to the investor rather than 
examining all costs and benefits, whether 

they accrue to the in vesting agency or not 
(Dasgupta and Pearce, 1972). For example, 
suppose a subdivision exists upslope from a 
proposed interstate highway. Further, assume 
that the construction of a new highway 
destabilizes the hillside. If a landslide 
then occurs, damaging properties in the 
subdivision, then the property owners on the 
hillside incur costs resulting from external 
activity. These costs are external impacts 
beyond the implications normally considered 
in the developers' financial feasibility 
study. 

A voiding losses from landslides while 
utilizing the available land area to the 
maximum extent feasible is the goal of the 
community. There are many considerations in 
achieving this goal (Hinrichs and Taylor, 
1969). It is important that these be in
cluded in a community's evaluation. 

Physical Conditions: Given current tech
nologies and construction practices, some 
locations cannot be inhabited because miti
gation techniques do not exist or are 
prohi bi ti vel y expensi ve. 

Legal and Political Considerations: It 
takes time for a community to adopt a miti
gation strategy through the legislative 
process. Because a mitigation strategy has a 
cost, there will be political opposition to 
its imposition, especially from those owning 
lands that will require extensive mitigation 
for development. 

Administra tive Considerations: An imple
mented mitigation strategy requires special
ized individuals to be hired, and put to the 
task of administering the planned program. 

Financial and Budget Constraints: Re
source scarcity is translated into monetary 
and budget scarcity. A financial limitation 
can inhibit the extent and effectiveness of 
the mitigation program once it has been set 
in place. 

External Effects: Site development often 
has off-site impacts, and off-site activities 
(e.g. new road construction) can affect the 
stability of existing developments. These 
effects must be captured within an evaluation 
framework in order to monetize all costs and 
benefits. 



Benefit-cost analysis is an extension of 
strictl y financial f easi bili ty assess men ts, 
beca use it in corpora tes all of the above 
constraints (to the extent quantifiable in 
monetary terms) in the estimation of the net 
benefits to a community of imposing landslide 
mi tiga tion. Thus, concepts of revenue and 
costs are broadened from those used in 
strictly financial studies to include all 
dollar-valued social benefits and costs. 

Each factor in the benefit-cost analysis 
must be quantifiable in dollar terms. All 
benefits and costs must reflect the value of 
money as it changes over time. A dollar has 
a specific value only at a given time. For 
example, a dollar invested last year has a 
value of $1.05 in the current year, at 5% 
interest per year, while its value rises to 
$1.1025 next year. Similarly, next year's 
dollar is worth only $0.95 today. Benefit
cost analysis includes the time value of 
money represented by a discount rate. 

The specification of an objective function 
to identify the maximum net benefits of 
landslide mitigation (Le. a return for a 
community investment) at a certain date, must 
include a proper discount rate. Thus a cent
ral feature of benefit-cost analysis is the 
choice of a discount rate and the period of 
time until the expected payoff. The most 
appropriate rate at which benefits and costs 
reflect the time value of money has to be 
determined separately for each analysis. 
Private individuals in a financial analysis 
commonly use the current market rate of 
interest to reflect time preference. On the 
other hand, a public agency acting on behalf 
of an entire community might select a lower 
discount rate as more representative of its 
social objectives, because the risk is shared 
by many individuals rather than one investor. 
For many analyses the social rate of discount 
between 5% and 10% as suggested by the United 
States Office of Management and Budget (OMB) 
is often accepted. 

Applications of the benefit~cost analysis 
techniques to measuring the impacts of com
munity decisions implicitly require community 
acceptance of elements of uncertainty and 
risk, expressed as some probability distrib
u tion of benefits and costs in time. Some 
reasons why risk and uncertainty should be 
considered in benefit-cost analysis are: 
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(1) Data for estimating future benefits 
and costs may be incomplete or inaccurate; 
require the acquisition of appropriate geo
logic and geotechnical data; or require 
extensive research to identify appropriate 
mechanical models for hillside stability. 

(2) Economic inputs to benefits might vary 
from year to year because hillside develop
ment may be postponed or building density 
may be different than originally planned, 
and costs may change as new mitigation 
technology becomes a vaila ble. 

(3) Two projects could have the same 
intent for loss avoidance, one with a certain 
outcome, and one with an uncertain outcome. 
These two alternative strategies can result 
in different net benefits (Dasgupta and 
Pearce, 1972). 

DEVELOPMENT OF THE 
BENEFIT -COST ~. MODEL 

Generally, benefit-cost analysis follows a 
formal framework in the estimation of a 
social payoff. E(Sj) represents the gross 
benefits associated with a particular land
slide mitigation plan that can be measured 
by the losses a voided. Cost is represented 
by C(S.) and measured by the money value of 
the rJesources required for investment, 
including operation of mitigation program Sj' 
where j = 1, ... , m, alternative mitigation 
programs. Net benefits for a particular 
plan, S j' are the difference E(S j) - C(S j)' 

The objective of the benefit-cost study is 
to find a mitigation strategy S, among all of 
the potential strategies, that maximizes net 
benefits. Each alternative Sj has a par
ticular mix of benefits and costs that is 
based on a subset of all possible outputs 

from the investment. In the case of a 
specific landslide mitigation program Sj' for 
example, the dollar value of reduced damages 
to property and losses to life are the 
principle outputs of Y. On the cost side, 
let 

be the inputs necessary to accomplish the 
mitigation projects. Let S*j be the mit-
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igation strategy that ranks highest in 
maximizing the net benefits to the community. 
Thus a ranking among alternative plans has 
the criterion, 

Maximize (S* j) = E(Y) - C(X) (1) 

In order to determine (S* j) as the best 
among the (S j) stra tegies, the following 
procedure is undertaken: estimate benefits 
consisting of the present value of each 
mitigation strategy (Burkhead and Miner, 
1971), and estimate costs as the present 
value of the resources that are employed to 
implement each strategy. If at least one 
strategy has posItIve net benefits, then 
mitigation for avoiding losses from land
slides is an efficient use of scarce re
sources. The formula for calculating the 
present value (PV) of the net benefits of the 
mitigation strategy (S* j) is 

PV 

where 

E(y* mt) 

n 
I E(y* mt) - C(x* mt) 

t=1 
(2) 

the benefit of the mitigation 
strategy (i.e., damages avoided as 
a result of the mi tiga tion program: 
both lives protected as well as 
property), 

C(x* mt) = the cost of resources employed in 
the mi tiga tion strategy, 

r = the rate at which future benefits and 
costs are discounted through time, 
and 

t time, or duration in years, of the 
mitigation program implementation; 
t = (1, . . ., n). 

After estimation of the present value of 
the net benefits expected from each of the 
strategies, the choices for the decision
maker can be ranked according to increasing 
presen t value 

Uncertainty of the net benefits from land
slide mitigation arises in a fundamental way. 
Where and when are landslides likely to 

occur? Most current mapping techniques, such 
as those recently summarized by Varnes (1984) 
and Bra b b (1984), express the distri bu tion of 
landslide suscepti bili ties in q uali ta ti ve 
(ordinal) terms of "high," "moderate," and 
"low," or "unstable," moderately stable," 
and "stable." These hazard designations are 
insufficient for the quantitative estimation 
of net benefits of mitigation. The bene
fits of a mitigation strategy are the 
expected losses (damages) avoided. In the 
case of landslides, as well as other geologic 
hazards, the likelihood of a loss due to a 
change in a state of nature is a probabil
istic notion. 

ALTERNATIVE,FRAMEWORKS FOR 
ESTIMATING :· THE _ PROBABILITY 
OF ,- LANDSLIDING 

To conduct an economic evaluation that 
incorporates risk (uncertainty), it is neces
sary to develop an objective procedure for 
estimating the pro ba bili ty that landslides 
will occur in specified areas within spec
ified time periods. The probability of that 
kind of event is defined as the limiting 
value of the relative frequency with which 
the event occurs over a large area (Dasgupta 
and Pearce, 1972). Where similar circum
stances or states of nature related to land
slide even ts occur in man y parts of an area, 
they can be used to estimate the prob
abili ty of landslide occurrence. The 
probability of a state of nature is defined 
as the proportion of cases in the given 
state -- a probability distribution (Dasgupta 
and Pearce, 1972). 

In the representation of a physical situ
ation as a probabilistic model, the most 
difficult part is the assignment of the 
probability of an event occurring, because 
the probability is not directly observable 
(Brieman, 1986). What can be observed is the 
number of historical events (e.g., land
slides) that occur over time. A probability 
model for landslides must include an infinite 
number of possible probability outcomes for 
each location, even though in reality a 
landslide either occurs or does not occur in 
a specified location within a specific time 
in terval. Th us, the connection between 
actual landslide phenomena and a probabil
istic model is that the probability of a 
landslide is roughly equal to the spatial and 



temporal proportion of landsl ide occurrences 
in a region. 

Capturing landslide processes by the use 
of statistical processes yields a probability 
of the occurrence of an event. Studies of 
landslide processes yield data relevant to 
the spatial distribution of the hazard. That 
is, at different locations the potential for 
landslides may be different. Thus, the 
physical characteristics at each location, 
the diff eren t possi ble triggering mechanisms, 
the different mechanisms for movement at 
points on the hillside, and the different 
conditions where and when movement stops 
influence the probability of landslide occur
rence. Each of these attributes is a 
varia ble. Some statistical ass()cia tion among 
these variables determines the assignment of 
landslide probability. 

Idealized probability models range from 
purely independent gambling analogs to com
binations of conditional events linked by 
related probability density functions. 
Choosing the most appropriate model for 
describing the spatial distribution of land
slide events requires examining the kind of 
probability distributions that best represent 
the distributions of physical phenomena in 
an area under consideration. 

For instance, if the variables are not 
linked in space, they are assumed to be 
independen t, and the landslide proba bili ty 
can be characterized by their JOInt 
probability, which is specified completely by 
the specification of their individual 
frequency distributions. If that were true 
for landslides, the predictive landslide 
probability could be treated as an independ
ent gambling analog. 

On the other hand, if the variables are 
physically related and are dependent on each 
other, then landslide probability is more 
appropria tel y modelled as a conditional 
proba bility relationship. 

Consequently, the preferred choice for a 
framework to model landslide probability will 
be determined by informat ion about the 
presence or absence of systematic rela tion
ships among the variables (i.e., the physical 
phenomena that con tri bu te to the landslide 
susceptibility) in a given area. 
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Probability Density Functions 
and Statistical Independence 

To explore the effects of underlying 
assumptions on the preferred choice among 
available probability modelling frameworks, 
let us consider three examples: a poisson 
probability model, a normal probability 
model, and a logistic probability model. 

Poisson Probability. The poisson dis
tribution characterizes the frequency of 
discrete events (such as landslides in a 
spatial unit) as an estimate of the number of 
successes (landslides are "successes" in this 
application) in a large number of independent 
trials, with a small probability of success 
at each trial. Use of a poisson distribution 
assumes that there is no trend in space or 
time of the occurrence of the event 
(Cinlar, 1975). That is, the distri bu tion of 
outcomes over space is random and the 
occurrence of an outcome in one spatial 
interval is unrelated to any other outcome in 
any other spatial interval. 

The poisson model would be appropriate for 
modelling the probability of landslide occur
rence under the following assumptions: 

(1) the occurrences of landslides in a 
specified geographic unit or time interval 
are independent of the number of occurrences 
in any other unit of the same size; 

(2) the probabilities do not vary from one 
spatial unit or time interval to the next, 
so there is no trend to the series of events; 

(3) the chance of two or more landslides 
occurring simultaneously in the same geo
graphic unit or time interval is negligible; 

(4) the chance of an event occurring in 
one geographic unit is independent of what 
happens in any other geographic unit. 

In general, the density function of a 
poisson distribution is given by (see Mood, 
Graybill, and Boes, 1974): 

fx(x) 
e-).).x {for x = 0,1,2, ... } 

x! {O otherwise} 

For modelling landslide occurrences, 

x = the xth outcome (SLD = a landslide; 
N = no landslide) 

(3) 
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Figure 1: The Poisson density function for 
several values of ).. 

). = nP(SLD) > 0 

and the probability of a landslide P(SLD) is 

P(SLD) == f x(x) (4) 

In this functional form, the random 
occurrence of landslides is defined to have a 
poisson distribution. Some examples of 
poisson distributions are shown in Figure 1. 

To obtain a poisson distribution for land
slides, the following would be considered. 
Denoting a landslide occurrence as (SLD) and 
non-occurrence as (N), the proba bili ty of a 
landslide is P(SLD). Then, let the number 
of spatial units in which landslides might 
occur (n), be extremely large, and the 
probability of a landslide (P(SLD)) for each 
unit be very small. Then ). = nP(SLD) is the 
number of spatial units times the probability 
of a landslide for each unit. The n areas 
are then disaggregated into smaller units of 
equal size so that each sub-unit represents 
an independent occurrence or non-occurrence 
of a landslide. 

If all that is known a bou t the expectation 
of future landslides (i.e. landslide probab
ility) is the number of landslides that have 
occurred in that area in the past, this 
type of a discrete probability distribution 
might be an appropriate functional form for 
estimating the probability of future land
sliding. 

However, scien tif ic stud ies ha ve esta b
lished deterministic relations among various 
physical characteristics of sites that can be 
applied to estimates of rela ti ve stability. 
The factor-of -saf ety , for example, is an 
expression of slope sta bili ty that has a 
con tin uous range of values greater than l. 
This suggests that spatial variations in 
landslide probability might be better 
modelled by a continuous distribution than by 
a discrete distri bu tion. 

Normal Probability. A normal probability 
framework might be used to model landslide 
probability as a continuously distributed 
variable; it is a very well documented 
framework that is commonly utilized by 
researchers. The normal distribution for a 
random variable x has the following density 
function (Mood, Graybill, and Boes, 1974) 



where the parameters J1. (mean) and G (standard 
devia tion) satisfy -00 < J1. < 00, and G > 0, 
and the probability of a landslide is 

(0 ~ P(SLD) ~ I) :£ f x(x). (6) 

The familiar bell curve form is shown in 
Figure 2, with mean J1. and standard deviation 
of G. 

This type of modelling framework might be 
used to describe landslides as the sum of a 
large number of independent physical charac
teristics at diff eren t sites in an area. 
Repeated measurements of some physical 
characteristics in small spatial units or at 
individual sites (e.g., soil characteristics 
such as density, void ratio, plasticity 
limit, and angle of shear resistance) have 
distri bu tions that are approximately normal 
or lognormal (Smith, 1986). On the other 
hand, Smith (I986) also reports that other 
characteristics (such as cohesion and per
meability) do not often approximate very well 
to normal distri bu tions. According to 
Romesburg and DeGraff (1982), the measure
ment of samples of the contents of landslide 
materials (proportion of mapped areas cover
ed by colluvium) have characteristics that 
vary suggesting a spatially dependent model. 

To model spatial variations in landslide 
probability as a normally distributed contin
uous variable requires making some very 
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Figure 2: The Standard Normal Distribution. 
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questionable assumptions about the natural 
spa tial distri bu tions of the characteristics 
of sites. For example, there is no reason to 
expect that the geographic distribution of 
spatial units with steep slopes will follow a 
normal distri bu tion. 

If we examine the spatial distribution of 
characteristics that affect the factor-of
safety, large numbers of small spatial units 
may contain strong materials or low slopes, 
resulting in very high values for the 
factors-of -saf ety (or low proba bili ty of 
fail ure). Similarly, large n urn bers of un
failed small spatial units may have factors
of-safety that are only close to, but not as 
low as I (the failure criterion). In 
addition, for a normal distribution, the 
probability of a landslide in a specified 
spatial unit would be constrained to values 
very close to ° at only 3 standard deviations 
from the mean. That constraint may not be 
appropriate for the actual distribution of 
landslide probability. Consequently some 
functional form that is not so constrained, 
such as the logistic distribution, should 
also be considered. 

Logistic Probability. The limi ta tion of 
probability to numbers between I and ° 
suggests that, rather than the bell curve 
form of the normal distri bu tion, a cumula ti ve 
functional form, asymptotic to I and 0, would 
be more appropriate. The probit model is one 
that is associated with the cumulative normal 
proba bility function. The logistic distri b
ution is commonly approached from the logit 
model, which is based on the cumula ti ve 
logistic probability function and is speci
fied by Mood, Graybill, and 'Boes (I974) as: 

F(x) 
I + 

where: 

-(x-a)/ f3 e 
(7) 

F(x) The probability that a spatial 
unit will be the site of an event, 
given knowledge about X. 

1 

a = the mean of the logistic 
distri bu tion, 
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The logit and probit formulations yield 
similar curves (Figure 3), but the logit 
provides for somewhat fatter tails. In 
practical applications for estimating the 
probability of the occurrence of landslides, 
the logit model is preferable because the 
asymptotic tails of the normal distri bu tion 
approach the limiting values of 0 and I more 
rapidly than do those of the logistic 
distribution (Cox, 1970). Landslides, like 
other geologic hazards, are low probability 
events; therefore, adapting the logit model 
with its thicker tails has considerable 
a ttracti veness. 

Conditional Probability and Regression 

Scientific studies have established quan
titative relationships among some physical 
properties of earth materials, their 
geometric positions, and some events that 
tend to trigger landslide activity (Campbell, 
1975; Keefer and Wilson, 1985). The estab
lished rela tionships do not presume 
statistical independence among the various 
factors that influence the occurrence of 
landslides. 

The issue of statistical independence 
among the physical factors can be a voided by 
approaching the modelling effort using 
conditional probability instead of a joint 
independent probability framework. For 
example, assume that the probability of land
slide occurrence in an area is represented 
by P(SLD) and that the probability that the 
landslide occurs in a particular material, 
say colluvium, is P(CVM). Observations of 
the distribution of all past landslide 
activity can be taken as (SLD), and compared 
with the distribution of areas showing no 
evidence of past landslide activity. 

Observations can also be taken in those 
areas that are covered by colluvium as (CVM). 
From these observations, it is possible to 
derive a conditional probability that: given 
a probability P(CVM) that colluvium occurs in 
an area, the probability that slides will be 
in colluvium is P(SLDICVM). This conditional 
probability P(SLDICVM) can be expressed in 
the following way, 

P(SLD\CVM) 
p(SLDnCVM) 

P(CVM) 
(8) 

Given that landslides occur in the area 
and that colluvium occurs in the area, we can 
assign a conditional probability of land
slides occurring in colluvium. 

A conditional probability model for land
slides also might be formulated on the basis 
of passing a threshold level of the factor
of-safety in a geographic area. The factor
of-safety is the ratio of the forces tending 
to resist failure to the forces tending to 
cause failure. This type of formulation 
captures more information than a single soil 
type. The factor-of -saf ety is a spatially 
variable characteristic of the physical 
state of a hillside, including slope, soil 
shear strength, and pore fluid pressure. The 
geometric relations identified with the 
dominan t landslide mechanism in a region 
govern the directional aspects of the balance 
of forces. The occurrence of natural or 
human activities that change the balance of 
forces can be considered as external trig
gering events. 

The statistical relationship between land
slide observations and observations of the 
components of the factor-of -safety can be 
addressed by regression analysis. For 
estimation purposes, a relation is defined 
between the occurrence of a landslide (SLD) 
and observations of the components of the 
factor of safety (X), by the equation 

SLD = a + f3X + € (9) 

where (SLD) is called the dependent variable, 
(X) is a vector of the explanatory (indepen
dent) variables, € the error term, and Ct and 
f3 are the regression parameters, which are 
unknown and to be estimated. The subscript i 
refers to observation in the ith spatial 
unit. The values of (X) and (SLD) are 
observable, while those for (x, {3, and € are 
not. Some uncertainty concerning (SLD) arises 
because the (f )-term imparts randomness to 
(SLD). This term in the regression model 
reflects the fact. that the value of (SLD) can 
never be predicted exactly. 

The probability of landslide occurrence 
can be estimated by regression even though 
knowledge a bout landslides is restricted to 
whether an event occurred or did not occur. 
Observations on the occurrences of land
slides in a region may be limited to whether 



they did or did not occur; we may be unsure 
a bou t the sizes, times, and velocities of the 
landslides. Yet we may have inf orma tion 
about the region such as topographic and 
geologic maps, or hydrologic data. Regres
sion analysis can quantify the way in which 
the dependent variable (probability of occur
rence of landslides) is related to independ
ent physical variables (such as slope angle, 
material strength, etc.) known from regional 
studies. 

A regression model can be developed for 
the probability of occurrence of landslides 
that incorporates knowledge about the mech
anics of landslides. After such a model has 
been chosen, statistical tests can be 
performed to examine whether the model being 
used is an accurate representation of the 
physical process an,d whether the independent 
variables are statistically significant in 
predicting the probability of an event. 

Observa tions of the depend en t variable 
(SLD) are assumed to have discrete values: 
a landslide occurred = 1; a landslide did 
not occur 0. In this instance, the 
dependent variable is binary, either a 
landslide did (I) or did not occur (0) as a 
response to a set of independent factors. 
The independent variable(s) (X) can take on 
discrete or continuous values depending on 
the field observations. After a model has 
been estimated, multiplying observations of 
each of the i independent variables for a 
spatial unit by the regression coefficients 
and summing over all the xi yields a unique 
estimate of the probability of a landslide 
for that specific spatial unit. 

Several standard statistical procedures 
can be used in regression; however, the most 
common, a linear regression employing least 
squares with binary (1,0) data as a dependent 
variable, yields an equation that is not 
appropriate for probability estimation. 
Instead, a qualitative choice (non-linear) 
regression can yield an equation that is more 
suitable for probability estimates. 

In the linear regression model, 

SLD· = a + f3x· + 1 1 

the dependent variable takes on the binary 
val ues: I, if a landslide occurs, and ° 
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otherwise. Values of SLD calculated using 
the coefficients from this regression yield 
quantitative estimates of landslide suscept
ibility, given quantitative knowledge of the 
physical factors (Xi) that control the land
slide process in spatial unit i. One problem 
wi th linear regression is that the functional 
form is a straight line that extends from 
"00 to +00, whereas probability is constrain
ed, by definition, to lie between the 
certain ties of ° and 1 as limiting values. 
If the probability is 0, no event will occur; 
if the pro ba bili ty is I, an even t is certain 
to occur. The point values of SLDi predicted 
by the linear equation as estimated using 
linear regression coefficients a and f3 can 
lie outside the range of 0 to I, and are, 
therefore, inappropria te as measures of 
probability. 

In a qualitative choice regression -- the 
dependent variable is designated SLD\, a 
response variable, which takes the place of 
SLD· in the regression so tha t: 

1 

(10) 

where SLD*· is, like any probability, un
observa ble (r!iaddala, 1983). Here SLD*i is a 
transformed variable (fitted to a cumulative 
proba bili ty density function, ° ~ f(x) ~ 1) 
that is estimated from the xi so that the 
dependent variable is limited to values 
between ° and 1. In this case the form of 
the qualitative choice model is non-linear 
beca use the tra nsf orma tion of the dependent 
variable (the response variable SLD*i) is a 
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Figure 3: Comparison of the logit (dashed) 
and probit (solid) cum ula ti ve distri bu tions. 



70 Bernknopf et al. 

cumulative probability distribution as shown 
in Figure 3. Two transformations are used 
predominantly in probability analysis: the 
probit model and the logit model. The dif
ference between these two models is seen in 
Figure 3, comparing the curves generated by 
their density functions. 

The probit model uses the cumulative nor
mal probability distribution function as the 
transformation. The logit model uses the 
cumulative logistic probability distribution 
function as the transf orma tion. 

Because the logit model is more practical 
for application with low probability geolog
ical events, we use the following form 

P 
SLD*· = In--- = a + fix· + E· 

1 (l-p) 1 1 

where p = probability of a landslide. 

HYPOTHETICAL ANALYSIS 
OF LANDS]~IDES IN A 
SEMI-ARID ENVIRONMENT 

(11) 

In order to bring into focus the connec
tion between economic methodology and the 
estimation of the probability of a landslide, 
let us conceptualize a study that could be 
utilized to evaluate the economic benefits of 
alterna ti ve mi tiga tion strategies in the Los 
Angeles area. 

There are three aspects of the problem 
that must be addressed: 

(1) the appropriate probability model
ling framework, 

(2) the institutional framework that 
represen ts the alterna ti ve mi tiga tion 
stra tegies, and 

(3) an optimization framework that 
identifies the strategy that is "best" from 
the viewpoint of society. 

The Physical Environment 

The hazards posed to hillside residential 
structures by landslide activity in semi-arid 
regions are generally episodic in time; only 

rarely is an active landslide continuously in 
motion over a period longer than two or three 
months, even though it may be reactivated 
intermittently over periods of as much as 
several hundred years. Both the episodic 
movements of existing landslides and the 
first-time failures of previously unfailed 
hillside masses generally occur in response 
to triggering events. The most common 
triggering events are: 

(a) intense rainfall from a single storm 
of long duration, 

(b) rapid meltwater production from a 
melting snowpack (with or without added 
rainfall), 

(c) seasonal or multi-year rise in the 
ground water table as a result of greater
than-normal seasonal precipitation for one 
year or a period of two or more years, 

(d) earthquake shaking (particularly 
during the wet season), or 

(e) construction activity. 

These kinds of episodic landslide 
are modelled most appropriately 
conditional probability framework. 

activity 
with a 

Landslides of widely disparate character 
occur in semi-arid regions, and there are 
signif ican t differences in the spatial dis
tri bu tions of diff eren t kinds of landslides. 
In the Santa Monica Mountains of southern 
California, for example, Campbell (1980) has 
demonstra ted distinctly diff eren t distri b
u tions for each of four major groups of 
landslide phenomena: 

Group I consists of landslide deposits 
tha t are characterized by move men t parallel 
to the topographic slope. Group I thus 
includes deposits from rock falls and rock 
topples, soil falls and soil topples, debris 
slides, and soil slips. This group includes 
landslides in which the steepness of slope 
and the strength or cohesiveness of 
materials are major factors in resistance to 
failure, and where the surfaces on which 
falling, rolling, etc., take place are the 
topographic surface or, where movement is by 
sliding, are nearly parallel to the topo
graphic surface. 



Group II consists of landslide deposits 
that are characterized by rotational sliding 
movement on surfaces that are concave upward 
with respect to the topographic slope. Group 
II includes bedrock slumps, soil slumps, and 
complex landslides with significant rotat
ional movement (slump) components (including 
most of the unclassified landslides in 1the 
study). The factors that cause materials to 
fail in these modes are those that affect the 
tendency for strength to be isotropic. 

Group III consists of landslide deposits 
tha t are characterized by transla tional 
sliding movement on pre-existing geologic 
surfaces such as bedding, faults and joints. 
Group III includes rock and block slides and 
lat(:ral spreads. The factors that cause 
materials to f :ail in these modes are those 
that affect th(: tendency for strength to be 
anisotropic and for topographic slopes to 
intersect pre-existing geologic surfaces of 
intrinsic weakness at angles that enhance 
susceptibility to failure. 

Group IV consists of deposits from land
slides characterized by movement as flow ing 
slurries; i.e., debris flow deposits. These 
flows are generally initiated as landslides 
on steep slopes, but contain sufficient pore 
water to become fluidized by the initial 
movement. They subsequently flow down stream 
channels and are deposited, most commonly on 
topographic surfaces having gradients less 
than 11 degrees. 

The distribution of landslide deposits of 
the above four groups are shown in figun: 4 
for the Point Dume 7.5-minute quadrangle, in 
southern California (Campbell (1980). The 
differences between the distributions reflect 
differences in the principal factors that 
infl uence slop(~ sta bili ty; this suggests that 
each factor may have a different distribution 
than the others. Based on this comparison, 
the spatial probability for each group of 
landslides is most appropriately modelled 
differently from the other groups. 

For landslide groups dominated by trans
la tional or rotational sliding mechanisms, 
the combination of initial conditions and 
the some of the changes imposed by trig-
gering events can be considered as 
changes in the sta tic factor-of -saf ety, 
which is definled as the ratio of the (chiefly 
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frictional) forces tending to resist failure 
to the (chiefly gravitational) forces tending 
to cause failure. The "failure criterion" is 
tha t the factor-of -saf ety has a value of 1 
a t failure; thus, when the factor-of -saf ety 
is greater than 1, failure should not 
occur. 

Different equations are appropriate for 
the estimation of the factors-of-safety for 
translational and rotational sliding. There
fore, to the extent that the joint 
probabilities of initial slope angle, slip 
surface angle, and strength conditions are 
represented by a single independent variable 
in a regression, they may be combined in some 
index derived from the appropriate factor
of-safety equation. In the study of the 
Cincinnati area (Bernknopf et. aI., 1988a), 
where translational sliding is a dominant 
mechanism, the factor-of-safety for dry, 
cohesion less material was used as a stability 
index, to provide a value for one indepen
dent variable in a multivariate regression. 

Landslide activity induced by rainfall and 
snowmelt result from reductions in the factor 
of safety ca used by increases in soil pore
water pressure that reduce the frictional 
resistance to sliding. Construction activity 
can alter surface and subsurface drainage 
patterns; this could result in elevated water 
tables and increased pore pressures. Cut
ting and filling can redistribute the loads 
imposed by earth materials on the hillside. 
If executed improperly, these activities can 
reduce the factor of safety for a hillside 
mass to the critical value of 1. 

Strong earthquake shaking imposes cyclical 
deformations that momentarily alter the 
balance of effective stresses to lower the 
factor-of -saf ety; if the shaking is strong 
the factor- of-safety can be reduced to 1 (or 
less) and permanent deformation by landslide 
processes can occur. 

A probability model for episodic react
ivation of old landslides, or for the 
first-time failure of previously unfailed 
slopes, can be developed around elements of 
the factor of safety that are dependent on: 

(1) an initial condition when no movement 
is taking place (e.g., a dry, static factor 
of safety), and 
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(2) the likelihood that discrete events 
will occur that can reduce the factor of 
safety to the critical value by (2a) seasonal 
or longer-term precipitation, (2b) earthquake 
shaking, (2c) construction activity, or (2d) 
some combination IOf 2a, 2b, and/or 2c. 

Landslide deposits that are the result of 
mechanisms dominated by flowing slurries 
(except for t heir initial movement) will be 
affected by topographic f ea tures such as 
valley or ravine gradient and cross-sectional 
shape, and by variable characteristics of the 
moving masses such as volume and fluidity. 
As these masses can move long distances 
through changing topography, and can increase 
or decrease in fluidity and volume, to reach 
their depositional poslttons, it may be 
necessary to model them as complex chains of 
condi tional proba bili ties. 

Probability Framework 

An initial step in assessing the probabil
ity of landslide phenomena is to decide upon 
the spatial unit of analysis or cell. 
Choice of a representative spatial unit must 
allow variation in physical characteristics 
among cells. For instance, regional infor
mation about geology, topography, and site 
development potential provides measures of 
the factors that influence the stability of a 
soil or rock mass on a hillside. These 
factors interact in a predictable way that 

.can be represented by a simple formulation to 
estimate a spatial probability. 

The probability of a landslide event, 
P(SLD), depends on parameters that include a 
measure of the mechanical processes that 
govern landslides, the existing physical 
state of a hillside such as the slope and the 
shear strength of the soils, and human or 
naturally imposed triggering factors such as 
new construction activity. 

An example of the mechanical process is 
represented by a dry factor-of -saf ety, 
tan¢' /tan {:3 (where ¢' is the soil shear 
strength and (3 is the average slope), which 
is a measure of the interaction between two 
important hillside: stability factors. The 
slope of a hillside (tan~) provides a measure 
of the gra vi ta tiona I forces, i.e., the 
steepest slopes are those most likely to fail 
by landsliding. Slopes for each cell can be 

derived from U.S. Geological Survey Digital 
Elevation Models (DEM). The DEM data set is 
a record of elevations at points spaced 30 
meters apart. Slope inclination is calcul
ated using the differences in elevations 
between adjacent data points. 

The shear strength (tan ~) of a material 
is a first-approximation measure of the 
inherent ability of a material to resist 
deformation by gravitational forces (Wu and 
Sangrey, 1978). Thus, if all of a region 
were of the same slope, those areas with 
ma terials having the lowest shear strength 
would ha ve the greatest likelihood of ground 
failure. This mechanical aspect of the 
landslide process using a dry factor-of
saf ety has been termed the "hillside 
stability index" by Bernknopf et al. (1988). 

For each spatial unit (cell), data on a 
varietyof other parameters must a liso be 
collected. These might include, but are not 
limited to, information on new development 
activity such as: house construction, new 
road construction, ground water changes, 
seasonal rainfall and intensity, snowpack 
variations, and sun aspect. 

Finally, landslide occurrence data also 
must be compiled. This information is 
determined most appropriately by utilizing 
field survey techniques. A spatial prob
ability estimate for landslides based on a 
q uali ta ti ve choice regression model is then 
developed as a function of the physical 
information. An estimate of the probability 
of a landslide can then be estimated for each 
spatial unit. 

An Optimization Framework 

This section draws upon work described by 
Bernknopf et al. (l988a, 1988b). 

The objective of public safety through 
hillside hazard mitigation can be achieved in 
several ways. The established means include 
the implementation of building and grading 
codes with landslide provisions that reduce 
the degree of the landslide hazard and thus 
result in effective mitigation. Code 
enforcement of Chapter 70 of the Uniform 
Building Code and Title 26 of the Los Angeles 
County Building Code is achieved by requiring 
a developer to obtain a grading permit and to 



elimina te the possi bili ty that an exca va tion 
or embankment is hazardous to life or prop
erty. Existing examples of codes include 
Section 7004 of of the County of Los Angeles 
(Tidemanson, 1985) which outlines hazardous 
conditions and official guidelines. 

The existing Los Angles code requires per
mits for grading on hillsides having slopes 
grea ter than 0, and special engineering and 
geology reports for grading on slopes steep
er than 25 or on slopes containing loose 
debris, slopewash, and potential for mud 
flows. These code stipulations for proposed 
hillside building sites eff ecti vely treat 
all sites as having equal initial likeli
hood of loss. Indiscriminate application of 
this type of regulation can result in un
necessary costs. Improvements in the effic
iency of a regulation can be achieved by 
integrating scientific and economic inform
ation into the design of the code, which 
allows iden tif ica tion of diff eren t levels of 
spatial risk. Identification of risky loc
ations can specify areal units (cells) where 
the greatest benefits from mitigation can be 
achieved for the least cost. 

Equation (12) provides an optimization 
framework for estimating the net benefits of 
mitigation for alternative levels of code 
enforcement. The expected benefits (PjoLi) 
of landslide mitigation strategies are the 
red uction in expected property losses 
achieved by implementing hillside stabil
ization procedures. Costs (Ki ) of implement
ing landslide mitigation also varies with 
alterna tive implemen ta tion protocols. 

Max E(NB) = L [(P·liL.) - rKi] - K, 
. Q 1 1 J IE . 

(12) 

J 
J = (1, . . ., m) 

where: 

E(NB)= expected net benefits of 
regulation j 

Q. 
J 

AS· 
J 

the set of all i indexes for cells 
(a cell is a small land area), where 

Bi ~ AS j ; and. . 
B i ~ AS j or (I.e., the unIOn of) 
tan¢i ~ tan 4>j 

a verage slope threshold for 
regulation j 

~. 
1 
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soil shear strength threshold 
for regulation j 

a verage slope in cell i, each 
cell is a small land area 

tan¢i = soil shear strength in cell 

Pi = probability of occurrence of a 
landslide in cell i 

Ii L· 
1 

= reduction in property losses 
(residential structures) in 
cell i from mi tiga tion 

r = capital recovery factor 

K· = capital investment cost in 
1 

cell i to prevent loss from 
landslides 

K cost of collecting regional 
scientific information 

Thus, equation (12) also allows us to 
identify an efficient strategy among all 
possible mitigation choices, i.e., an optimum 
implementation protocol for code enforcement. 

For each strategy, estimation of E(NB) in 
equation (11) requires data about the spatial 
pro ba bili ty of occurrence of landslides, 
physical information for each spatial unit 
(cell i), the property values at risk, and 
costs of mitigation. 

As an example, consider the three alter
native building codes having different 
building permit processes as listed in Table 
1. Typically, a building permit cannot be 
issued under codes with landslide provisions 
if the proposed development creates or 
contributes to a geologically hazardous 
condition unless the hazard can be eliminated 
through mItlgation prior to the use or 
occupancy of the site or adjacent sites. The 
extent to which mitigation is required, and 
hence the efficiency of a code, is determined 
by the guidelines provided by the implemen
ta tion protocol. The sets of ml tlga tion 
rules promulgated by local authorities will 
define the spatial extent of the program. 
Then for alternative implementation proto-
cols specific physical information is 
utilized to determine the cells where 
mitigation (Q) will be required. 
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Table 1: Alternative Building Codes and Associated Building Permit Processes 

Building Code 
Type 

No Mitigation 

Hazard Risk 
Identification Measure 

Risk level is viewed 
deterministically or 
probabilistically 

Los Angeles Co. Yes or No 
Building Code 
Title 26, Ch. 3, 
Sec 308 
(Tidemanson (1985) 

Mi tiga te Yes 
Everywhere 

Implementation Strategy 
for Building Permit 

No grading required 
beca use of geologic 
hazard 

Previous landslide 
activity or slopes 
steeper than 25 
degrees 

All areas 
require 
mitigation 

Enforcement 
Provision 

Los Angeles County 
Building Code, 
Title 26, Ch. 70 
Excavation and 
Grading, Sec. 
7001-7021* 

Uniform Building 
Code, Ch. 70, 
Excavation and 
Grading, Sec. 
7001-7015* 

Note: * International Conference of Building Officials, Uniform Building Code. 

In examining the building code types 
listed in Table 1, several questions 
naturally arise. First, what are the 
relative net benefits of various landslide 
mitigation strategies? That is, are there 
positive marginal net benefits stemming from 
insti tu ting policies that reflect the spatial 
nature of the landslide risk as against a 
policy which does not consider the spatial 
nature of the landslide hazard? If so, which 
policies are superior? 

The expected value of damages to property 
at risk on a cell by cell basis given by 
Pi(c5L.) in equation (12) utilizes the 
probability estimates discussed above. The 
term c5 Li represents the damages to property 
that are avoided through the use of a 
particular regulation. An approach to 
estimating this value is to utilize U. S. 
Bureau of the Census information. The costs 
(Ki) for complying with the cut and fill 
requirements for stable hillside slopes as 
described by Sections 7009 and 7010 in 
Chapter 70 of the Uniform Building Code (UBC) 
can serve as a basis for estimating the 
volume of earth materials to be moved during 

hillside grading and site preparation. If 
this approach is employed, estimates of costs 
for the grading assume development of land 
parcels of sufficient size, which are 
consistent with housing development site 
scale economies. This approach identifies 
the cost of landslide mitigation for resid
ential structures as a function of the volume 
of earth that must be excavated, placed, and 
compacted. This procedure yields the cost of 
preparing a typical building site as a 
function of slope. The cost per structure 
multiplied by the number of housing 
structures within each cell produces a total 
site preparation cost per cell (K i). These 
val ues provide the basis for estimating the 
linear relationship of cost as a function of 
slope. This procedure yields an estimate of 
the costs for the spatial units that require 
mitigation for each of the selected implemen
ta tion protocols. 

The final step 10 evaluating alternative 
mitigation strategies is to evaluate the 
various regulations. Annualized expected net 
benefits for alternative implementation 
protocols are then compared to estimate 



the impact of a proposed policy. In this 
way, the most efficient landslide mitigation 
program for a given community can be 
determined. 
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ABSTRACT 

Government holds a monopoly on the issuance of land-use, grading, and 
construction permits. It is also obligated to do a reasonably good job in 
assuring compliance. The development of effective codes, regulations, and 
ordinances in conjunction with appropriate quality control and enforcement 
can produce savings in tens to hundreds of dollars for everyone dollar 
spent on mitigation. Yet recent disasters have caused enormous of losses 
of life and property. It is essential that government learn from the les
sons of past events and extend the use of the optimum expertise to be found 
within professional organizations in the compilation and evaluation of data 
coupled with the upgrading and redevelopment of codes, regulations, and 
ordinances. Losses from litigation may force government to pursue more 
responsible and prudent attitudes toward mitigation of natural hazards. 

INTRODUCTION 

How hard must we work to convince "govern
ment" and the people that the great majority 
of losses related to geologic hazards and 
professional practice could have been avoided 
if only those involved in the development of 
a site -- no matter what its dimensions -
had adhered to responsible and prudent pro
fessional practice at every phase? 

Ancient laws had compelling ways of en
couraging those within the disciplines to ob
serve the principle most likely to produce a 
good finished product. As the pendulum 
swings farther away from strict adherence to 
prudent conduct, one discovers what appears 
to be dissolution of strict enforcement. 
This has advanced to a point where the desire 
to do what once brought pride of work product 
and security has been overwhelmed by the con
cept "make it fast and then move on - fast". 
The quality of production has diminished, 
both in industry and in governmental bodies 
functioning within the confines of permis
sive approval processes. Government holds a 
monopoly on the issuance of land-use, 
grading, and construction permits. Govern
ment also formulates and disseminates codes, 
regulations, and ordinances governing the is
suance of permits and the fulfillment of the 

development plans. Therefore, inasmuch as 
government is the responsible body, it should 
then follow that government should also be 
obligated to do a reasonably good job in 
assuring compliance. 

A VOIDABLE LOSSES 

Considering these responsi bili ties gran ted 
to government, and witnessing the havoc 
wreaked by recent disasters, we cannot help 
but wonder about the enormity of losses of 
life and property. In Mexico City the 1985 
earthquake cost over $4 billion and 8-10,000 
lives; the San Fernando earthquake of 1971 
caused $500 million damage and 64 deaths; in 
1982 in San Francisco high intensity rains, 
floods, and landslides/mudflows cost hundreds 
of millions in dollars and approximately a 
dozen lives; the Malibu landslide in the 
1980's resulted in continuing litigation with 
judgements estimated to be from 500 million 
to one billion dollars in claims and cross
complaints. 

Some, because of ignorance, ambivalence, 
or vested interest, will argue that more re
search is necessary to determine the causes 
and effects of such disasters and how best 
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to reduce losses. Some will foolishly argue 
that "every man has the right to use his land 
as he wishes without interference from gov
ernment". Others may argue that "it was 
caused by an act of God". Still others will 
suggest that government and its represent
atives have immunity for their actions or 
lack of action. 

These attitudes are responsible for the 
lack of concern by government when people 
want to build on an active landslide, on a 
floodplain subject to floods, within an act
ive surf zone, or at any hazardous site. All 
of these arguments or excuses are without 
justification. The dollar losses to struc
tures, transportation routes, lifeline facil
ities, water storage and other critical util
ities, together with injuries and losses of 
life, can easily be reduced significantly: 
government must carry out the duties of lead
ership. This is a role that government 
ostensibly wants to avoid, even in the face 
of sky-rocketing legal costs of its errors. 
The population trends point to inevitable 
increases in losses, unless government exer
cises its assigned responsibility; and unless 
society focuses on the fact that the type of 
losses witnessed over the recent decade can 
be reduced easily by 90%. 

Studies of the cost to benefit ratio when 
losses are a voided as a result of the devel
opment of effective codes, regulations, and 
ordinances, in conjunction with appropriate 
quality control and c:nforcement, have bc:en 
undertaken by many experts and agencies (e.g. 
Dr. William J. Petak of the University of 
Southern California, the U.S. Geological Sur
vey, the California Division of Mines and 
Geology, and the authors). They predict 
savings in tens to hundreds of dollars for 
everyone dollar spent on mitigation. 

A vivid case in point is the judgement 
rendered in the first of two hundred claims 
and cross-complaints evolving from the Malibu 
landslides. The court ruled against the 
County of Los Angeles, which must pay damages 
and costs amounting to an assessed value of 
$2.1 million. The County's legal defense, 
represented by outside counsel, is estimated 
to have cost $3.2 million (including an 
estimated cost for engineering and geologic 
experts in the range of $960,000 for one case 
alone). The plaintiff costs, as ordered to 

be paid by the County, will far exceed 
$800,000 in expert witness costs and $1.5 
million in legal fees. It would appear, 
therefore, that the cost to the County could 
be approximately $5.4 million. This is 
significantly more than the value of the 
property. It is notable that if the developer 
had invested some $300,000 to $400,000 for 
sewage facilities and storm drains at the 
time of construction in 1963, he could have 
a voided the $500 million to $1 billion losses 
the County will eventually face, as well as 
additional legal costs yet to be incurred. 
These facts were publicly presented by the 
Los Angeles Times on October 13, 1985 and 
have been borne out in actuality as the liti
gation continues. Should this not be an 
incentive for proposing and carrying out 
mitigation? 

We must face the fact that, without pre
scribed mitigation, inflation coupled with 
the escalation of population will inevitably 
result in: 

1. greater losses to structures, facil
ities, contents, and property; 

2. greater total dollar losses in value of 
these structures and facilities; 

3. a greater number of people killed or 
injured; and 

4. greater costs (or losses) to society. 

MITIGATION 

Those practicing in the fields of engin
eering and science must surely have the 
knowledge, capability, and technology to 
practice mitigation against most losses from 
natural hazards through land-use planning 
and/or responsible design. We can cite many 
examples of successful mitigation practices, 
among which are the following. 

1. Through the development of realistic 
codes followed by prudent enforcement, the 
City of Los Angeles has virtually succeeded 
in reducing landslide losses by 97%. 

2. Some jurisdictions in Southern Califor
nia have exerted high degrees of quality con
trol thereby reducing losses from expansive 
soils by 90% to 99%. This has resulted from 
observing state requirements for soil engin
eering analysis of the expansive soils, from 
increasing the efficiency and capability of 
review of reports, and from increased en-



forcement by local governments. 

3. The strict observation by many juris
dictions of prudent floodplain management 
procedures and the design/construction of 
flood control facilities have brought about a 
dramatic reduction in flood losses. For 
example, the City of Los Angeles now requires 
that all new subdivisions shall design flood 
control facilities for the I,OOO-year flood. 
The County of Los Angeles requires design and 
construction geared to the IOO-year flood. 
Contrast these requirements with the crit
erion of the IO-year flood in the state of 
Louisiana. 

4. The coastal zone management procedures 
adopted by the California Coastal Commission, 
although not completely realistic and effec
tive, have been somewhat instrumental in 
reducing losses from coastal erosion proces
ses. The Commission has been limited in 
enforcement by budget restrictions on the 
hiring and utilization of staff with the 
expertise necessary to carry out its goals. 
It is notable that the staff trained in this 
discipline is constituted of one engineering 
geologist for the entire coastal area as 
contrasted to the ample staff of attorneys 
available for prosecution and litigation. 

5 A reduction in losses from tidal wave 
action (tsunamis) in Hawaii has been effect
ively accomplished through the use of pro
cedures affecting land-use, building design, 
and emergency responses. 

The benefit of mitigation in the loss pre
vention process is shown by these examples. 
Governmental agencies are producing studies 
to aid in assessing the results of damages. 
This is evident in perusal of U. S. Geologic
al Survey Circular 832 entitled "Estimating 
the Costs of Landslide Damage in the U. S." 
This circular addresses the questions of 
reduction or mitigation of losses from 
landslides. Numerous techniques are avail
able to reduce landslide damage. Kockelman 
(I 986) introduces and cites examples of at 
least 27 of these techniques. 

Studies such as this invite a question: 
"why are we not mitigating these costly 
losses, if we already have the ability, know
ledge, and technology?" We suggest the fol
lowing answers: 
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1. For a diversity of reasons, many local 
governments fail to employ the expertise nec
lessary to prevent identifiable problems, in 
spite of its within the professions. Some 
local agencies that are wrought with land
slides and related litigation are adamant 
in their refusal to utilize engineering geo
logists or soil engineers, even though they 
may be over-staffed with civil engineers. 

2. Unfortunately, the government staff in 
many areas still lacks the desire, ability, 
and/or incentive to perform in a professional 
capacity. 

3. Lack of administrative support hampers 
many agencies; employees openly complain 
that supervisory personnel demonstrate reluc
tance to support staff members and may even 
oppose their own staff. 

4. In these days of special interests, all 
too often elected officials will demonstrate 
allegiance to contributors in their open 
opposition to efficient and effective civil 
servants. 

5. Desire to perform a good job appears to 
diminish with proximity to retirement in many 
situations within government service. Some 
employees even deliberately avoid inspection 
of construction sites or areas of hazardous 
conditions. 

6. The syndrome of "immunity from error 
and/or negligence" has proven to be a deter
rent to efficiency in an effort to avoid 
criticism. 

7. Quality control is often limited by an 
inadequate budget. 

8. Statutes that guarantee governmental 
tort immunity present employees within 
government immunity for their actions or 
inactions, even if the result is professional 
Il(:gligence. 

RECOMMENDA TIONS 

It is obvious that steps must be taken to 
reduce government's legal exposure in post
disaster situations. It is imperative to 
learn from a disaster and subsequently take 
action toward reduction or avoidance of 
losses from future similar hazards. Know-
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ledge and experience garnered from systematic 
research and from a form of forensic analysis 
of na tural hazards (floods, landslides, 
mudflows, earthquakes, land subsidence and 
the like) greatly improves our comprehension 
of the causes and effects. Added to this, the 
knowledge of engineering design/construction 
in relationship to codes, ordinances, and 
regulations has facilitated enormous progress 
in those geographic regions where advances 
are preferred to costly repetition of prob
lems and subsequent losses. 

Progress is imperative, and accomplishment 
is tied to assigning the highest level of 
expertise to the collection, collation, and 
analysis of the total data available. Eval
uation of new technology, upgraded codes, 
ordinances and regulations and the emergence 
of more highly trained engineers and scien
tists can hasten progress. This is witnes
sed in the advances that have followed some 
disasters. The damage from torrential storms 
and landsliding in Southern California in 
1952, 1958 and 1962 resulted in the develop
ment of Chapter 70 of the Uniform Building 
Code. The codes pertinent to earthquake 
saf ety in construction followed the 1925 
Santa Barbara and 1933 Long Beach earth
quakes. The spontaneous reaction by the 
state and local government agencies following 
the 1971 San Fernando earthquake resulted in 
new seismic safety codes. The new codes 
were based on data from staff studies and 
from those professional organizations, which 
united to contribute results from their iln
vestiga tions. 

In such events subsequent studies have 
stimulated the emergence of greater knowledge 
and technological development relative to all 
natural hazards. It is unfortunate that all 
too often actual mitigation trails far behind 
the capability to mitigate. 

The following must be implemented to 
accomplish a closer affiliation between know
ledge, technology, and mitigation: 

1. All available recoverable information 
should be recorded by knowledgeable engineers 
and scientists. They should be allowed to 
col/ect, collate, and make these data avail
able to all involved in recovery, analysis, 
mitigation, and the development of codes and 
regulations. 

One of the best examples would be the data 
collection program utilized by the Structural 
Engineers Association of California following 
the 1971 San Fernando Earthquake. This 
volunteer program made available to local and 
state government some of the finest struc
tural engineers in the United States. In 
addition to collecting valuable seismic and 
structural engineering data, these engineers 
also provided an all-star team to assist 
local governments to evaluate quickly the 
safety of buildings affected by the earth
quake. From this effort evolved the modern 
seismic safety design criteria and seismic 
codes. 

Similar efforts are being achieved by this 
same organization in the post-disaster analy
sis of the 1985 Mexico City earthquake. The 
author has been involved with similar volun
teer eff orts (or assistance) organized by 
this and other professional societies -- all 
with beneficial results to government and the 
mitigation of future losses from natural 
hazards. 

In the early 1960's, the Association of 
Engineering Geologists and the American Soc
iety of Civil Engineers collectively studied 
the causes and effects of landslides trig
gered by the high intensity rainfall of 1958 
and 1962. They assisted local government in 
preparing guidelines for professional reports 
and provided recommended code amendments for 
the mitigation of slope failures. Following 
the actions of these professional societies, 
the International Conference of Building Of
ficials generated grading codes and land-use 
concepts. From these efforts came Chapter 70 
of the Uniform Building Code. The effective 
utilization by government of Chapter 70 has 
had a dramatic effect on the reduction of 
losses from landslides. 

Currently, the American Society of Civil 
Engineers in California has developed a 
program with a cadre of experts (civil engin
eers and engineering geologists) to assist 
local government in the post-earthquake 
evaluation of damage to lifelines and to 
suggest methods of mitigating damage in the 
future. This will include recommendations 
to government for the modernization of codes. 

2. It is essential that government learn 
from the lessons of past events and extend 



the use of the optimum expertise to be found 
within professional organizations in the 
compilation and evaluation of data coupled 
with the upgrading and redevelopment of 
codes. regulations. and ordinances. 

Modernization of the codes and ordinances 
subsequent to an event should be accomplished 
prior to the rebuilding and new construction 
phase. This will insure against repetition of 
the disaster and its consequences, and allow 
each disaster to educate government. If 
government fails to act responsively and 
prudently following disasters, we can rest 
assured that the courts will be involved in 
assigning the blame to the agencies involved. 
Far too often we witness the California phen
omenon of "deep pocket" judgements in the 
face of losses. The taxpayer eventually pays 
f or the losses. 

The prevalence of lagging motivation and 
interest at some levels of government, which 
results in lack of uniform professional per
formance, does not go unnoticed by aggres
sive attorneys representing plaintiffs. This 
exacerbates the cycle of disinterest as gov
ernment people lack the motivation when faced 
with the legal tangles. Changes in elected 
officials within the jurisdiction involved 
adds an additional dimension to the judgment
al performance of agency staff personnel. 

Monumental losses, such as those suffered 
in the Malibu landslides, the recent earth
quakes (San Fernando, Mexico City, Guatemala, 
El Salvador), the Portuguese Bend landslide, 
the Flying Triangle area landslides, debris 
flows in Northern California, and the 
destructive landslides and debris flows that 
devastated areas in Utah in 1983, have taxed 
society to the limi ts. These even ts ha ve 
demonstrated the unrelenting need for new 
approaches not only to recognizing, but to 
solving the problems before they occur; that 
is, mitigating the potential natural hazard. 

In the end, we may discover that avenues 
of litigation will have forced government to 
pursue more responsible and prudent attitudes 
toward mitigation of natural hazards. The 
complacency which has prevailed with the past 
concepts of governmental immunity, statements 
relevant to "the act of God", the apparent 
ignorance of historical episodes and/or 
potential future hazards is no longer accept-
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able. The cost to society is so prohibitively 
high that it cannot go uncorrected. 
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ABSTRACT 

Any active professional is likely to be sued several times during his or 
her career. Therefore a certain amount of risk prevention should be 
adopted. The common bases for liability and some of the causes of 
landslide-related litigation are liability without fault (warranty), neg
ligence, contractual obligation and bad faith. Several protection strat
egies are available: insurance, incorporation, secreting assets, contract 
clauses that provide for limitations on liability (liquidated damages), 
indemnity from principals, and provisions requiring arbitration. 

INTRODUCTION 

Even most lawyers fail to appreciate the 
grand design behind the legal system oper
ating in the United States. In many respects 
it is unlike any legal system operating any
where else in the world, and unlike any sys
tem that has ever operated before. Let me 
explain a few things about it. 

First of all, our legal system is in large 
part designed to be a substitute for vio
lence. You know how it was in the old days 
in the West: you had a dispute with some
one, so you strapped on your six-gun, you 
"called him out" at high noon in the city 
streets, and only one of you walked away 
alive. That was certainly quick justice, and 
there were no long court delays. The finan
cial shift was more toward the undertaker 
than the lawyer. 

In today's society, we "kill" the other 
guy by financially poisoning him to death. 
We force him to go to his lawyer and pay 
hea vy a ttorney's fees. If he has insurance, 
we hope his insurance premiums go up. We 
harass him with paperwork, depositions, and 
motions for sanctions in court. Finally, we 
try to embarrass him in front of a jury. All 
of this takes so long, and is so costly to 
the proponent as well, that by the time it 
all comes up in court all of the anger is 

gone and both sides wish they had never heard 
of the other. The risk of violence is 
totally dissipated. 

Bear in mind too, that the right to sue is 
a two-way street. It can work for you as 
well as against you. While you might, at 
first blush, think that you would be better 
off if your clients could not sue you, you 
probably would not think so for long, after 
you were cheated by some lawyer or butchered 
by some doctor. 

And so, for strong policy reasons, the 
right to sue is established and the oblig
ation to defend such a suit must be con
sidered by the mature professional as a cost 
of doing business. The legal process acts, 
in the long-run, as a societal risk equal
izer, which operates by averaging losses 
throughout society, much like insurance does 

because, as a cost of doing business, 
the professional merely includes it in the 
fees that he charges. 

One important distinction in our system, 
which strongly promotes the results I have 
suggested above, is that, absent a contract 
to the contrary, legal fees are generally not 
recovera ble through the Ii tiga tion process. 
For this reason, unless you have insurance to 
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cover the cost of a defense, you can general
ly expect to have to bear the legal costs in 
any action brought against you whether you 
win or lose. 

For this reason, it pays for you to have a 
lawyer who is familiar with you and familiar 
with your business in general, whom you can 
call upon for regular advice. This lawyer 
will have a much shorter learning curve (and 
therefore be less expensive) when a problem 
arises. Many professionals keep a lawyer on 
retainer, so as to spread out the legal cost 
involved when a big block of time on the 
lawyers part is required. In some ways, 
this can be a substitute for malpractice in
surance. By agreeing to pay the lawyer in 
regular installments, and by the lawyer 
agreeing in effect to bear some of the risk 
of a malpractice suit being brought against 
you, you level out your costs throughout the 
year. You also create an incentive for the 
la wyer to provide good service, and not to 
overcharge, since the lawyer anticipates a 
long relationship. 

As many professionals have recently become 
aware, the ability to obtain malpractice in
surance has rapidly declined. Such insurance 
is just not available to many professionals, 
particularly in small operations. The trend 
in this connection is for individuals to band 
together in groups, typically "associations", 
and to form their own "risk retention units" 

which are basically the same as small 
insurance companies -- for the purpose of 
spreading the risk among an appropriate num
ber of individuals. I believe that over the 
next five years we will see a sharp trend to
ward the development of these small insurance 
associa tions among professionals, as opposed 
to the traditional professional malpractice 
insurance that has historically been a vail
able from large insurance companies. 

LIABILITY 

Let us shift our focus now to a review of 
some of the common bases of liability -- some 
of the causes of landslide related litig
atilon. 

One of the newest and most 
cases of liability in modern 
liability without fault. In some 
is referred to as a warranty. 

interesting 
society is 
fields this 
This legal 

theory developed in the manufacturing field 
as a protection to buyers of consumer goods. 
It was perhaps first applied to purchasers of 
automobiles and rapidly spread to purchasers 
of hazardous materials, medications, and then 
other consumer products. In the past few 
decades in California, this theory has been 
applied to people involved in the "manu
facture" of a house or a lot upon which a 
house sits. Therefore, in some instances, 
you may be found liable for damages resulting 
from a defective structure or defective lot, 
without the plaintiff showing that there was 
any fault on your part. The fault is assumed 
by law, without the need for proof, because 
some legal arm of society has concluded that 
the risk of a substantial defect in such a 
process should fall upon the maker, and not 
upon the user. 

It is primarily because of this feature of 
the law that the informed professional real
izes that it is not possible to protect 
one's self fully against the potential of a 
judgement arising from the performance of 
services. This understanding has broad im
plications, which we will examine below. 

A second basis for liability is the common 
basis of negligence. This is the most common 
allegation for damages that arises from the 
rendering of professional services. It is 
important to note, however, that as a factual 
matter it is not necessary that the profes
sional was negligent, all that is required 
for the position of liability is that a jury 
find that there was negligence. Obviously, 
in an imperfect legal structure, there will 
be some juries who fail to find negligence 
where there was negligence, and some juries 
who will find negligence where there was not. 
This is a second example, then, that propels 
the professional to understand that he 
cannot be protected from liability in the 
performance of rendering of service merely 
because he or she is not negligent. 

A third basis for liability for the per
formance of professional services is lia
bility arising by virtue of a contractual 
obligation. This, too, is a basis of liabil
ity familiar to all of us. 

A fourth basis for liability is liability 
for bad faith. This is not a common result 
from ordinary business relationships. 



PROTECTION 

Having reviewed what can go wrong, we 
should turn our attention to what protections 
are available to the professional. The first 
and most obvious is protection through in
surance. If the cost is in line, this is 
clearly the best protection, because it 
includes defense costs. The risk is that 
this device may be too expensive, or may not 
be a vaila ble. 

When insurance is in effect, and covers 
legal fees to be incurred in the defense, it 
is important for the professional to realize 
the actual conflict of interest which may 
exist for the attorney selected by the in
surance company. While the attorney is 
ethically required to represent the interests 
of the insured professional, it is obvious to 
any clear thinking person that, since the 
attorney is hired by the insurance company, 
is paid by the insurance company, and food is 
placed on his or her family table because 
the attorney has developed a relationship 
with the insurance company, that the attor
ney's strongest emotional ties will be to the 
insurance company and not to the transitory 
client in an individual case. In any case, 
therefore, where the result is of importance 
to the professional, either because of the 
risk of financial participation being re
quired (such as where the insurance coverage 
is limited to less than the claim), or be
cause of reputation, it is very important 
for the assured to scrutinize carefully the 
work done by the attorney. 

A second form of protection is available 
through legal structuring. The most common 
structure to protect assets is by isolation 
of assets by incorporation. 

In today's society, this is an imperfect 
solution, because the services are never 
really rendered by a corporate body, but 
always by an individual. The individual is 
generally either you or one of your agents. 
Therefore, while the corporation may also 
have liability, the liability will also like
ly fall upon you as an individual as well. 
Nevertheless, there is some protection to 
be gleaned from incorporation, particularly 
in warranty based cases; and since the cost 
of incorporation is so small, it is something 
that normally should be undertaken by every 
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prof essional. 

A second form of protection through legal 
structuring is what is commonly known as 
secreting assets. This is a good idea, if it 
is done legally. In many jurisdictions, it 
is a crime to hide assets for the purpose of 
defrauding creditors. And, of course, it is 
a crime to hide assets for the purpose of 
defrauding federal income tax requirements. 

To secrete assets properly, so that they 
are not available to satisfy judgements, it 
is necessary to establish the proper kind of 
kind of trust at a time when no judgements 
are outstanding. Properly structured, such a 
trust can protect assets from judgements that 
arise latter. As an added protection, some 
taxpayers establish such trusts outside of 
the United States, where they cannot easily 
be discovered by subsequent creditors. The 
foreign trust arrangement becomes complicated 
because of certain judgement debtor proceed
ings that are available to creditors in 
California, and therefore is not attractive 
from a theoretical point of view, although it 
may be very effective from a practical point 
of view. 

A third form of protection, and the one 
which is most important and most successful 
for most professionals, is protection by 
contract. Most liability can be limited by 
appropriate contractual terms. Just the fact 
of having a clear contract between the pro
fessional and clients and other business 
associates itself tends to reduce the litig
ation. 

One contractual term that has been ex
tremely successful in many fields is the 
liquidated damage clause. This is a clause 
which provides some maximum liability that 
the parties have bargained for in the con
tract. Provided that the liquidated damage 
clause meets the requirements of statutory 
law, it can be a very powerful mechanism in 
limi ting poten tial lia bili ty. 

A second form of contractual protection of 
grea t importance to prof essionals is the 
indemnity from principals clause. This 
provides that a professional working for 
another person on a project be indemnified by 
the principal in the event of a lawsuit. For 
example, if appropriately documented by 
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contract, an engineer, hired by a general 
contractor who is sued by the ultimate owner, 
would have a right to have the contractor pay 
the cost of legal fees incurred in the de
fense of the action. He would also be able 
to require the contractor to pay any judg
ment that arises from the litigation. The 
weakness in this arrangement, of course, is 
the solvency of the contractor at the time he 
is called upon to pay the cost of litigation 
or the judgement. 

A third and very powerful contractual 
protection is available in many jurisdictions 
through the use of an arbitration clause. 
Much of the risk of an unexpected judgement 
arises from the great variations in lay jury 
awards. We have all heard stories, seen 
television enactments, and read about some 
great lawyer that emotionally swayed the jury 
into granting a huge judgement against some 
unsuspecting defendant. Unfortunately this 
is not all fiction. The arbitration clause 
is an attempt to red uce this risk by re
quiring disputes to be heard in a more in
formal setting by one or more arbitrators, 
who typically are particularly knowledgeable 
in the field with which the dispute is con
cerned. In cases involving technical mat
ters, this frequently results in a fair, and 
often more modest, recovery by the claimant. 

Some arbitration clauses used in the medi
cal malpractice field provide that the arbit
ration award is only final if the result is 
below some threshold figure. If the arbit
ration award is above the threshold figure, 
either party may ignore the arbitration 
a ward and recommence the action in court. 
The theory behind this (relatively rare) 
arbitration agreement is to separate out the 
big cases from the small cases, and dispose 
of the small cases cheaply, quickly and in
formally. Rather than suffer a final and 
binding large award, however, the person 
against whom the claim is brought will have a 
second chance to defend it in court, after 
the having been fully educated on all of the 
nuances of the claimant's claim. 

CONCLUSION 

Perhaps the most important single piece of 
advice that I, as a practicing lawyer, can 
give to professionals is the following: train 
yourself to maintain the proper degree of 
paranoia. Too much paranoia is not good, be
cause it adversely affects the quality of 
life. You may become nervous, tense and have 
difficulties in sleeping. 

Not enough paranoia only works if you are 
lucky. If all goes well, your disposition 
is likely to remain amicable, and what you 
don't know won't hurt you. But with the vol
ume of litigation currently brought in urban 
areas of the United States, the risk is that 
any active professional likely to be sued 
several times during his or her career. 
Therefore a certain amount of risk preven
tion should be adopted, as is appropriate to 
the circumstances of the individual. 

At a very minimum, appropriate contractual 
documents should be available -- and should 
be used by the professional in all 
business relationships. A relationship with 
a lawyer should be established, so that when 
simple and quick telephone advice is needed 
you know who to call. Practices should be 
incorporated, and some nest-egg should be 
maintained where it is not vulnerable to at
tachment. Great attention to detail, and 
great patience should be taken in the 
initial stages of a contractual or service 
relationship, particularly with a lay client. 
Expectations are everything. If the person 
with whom you are dealing knows and apprec
iates the risks, and an adverse risk mater
ializes, he or she can handle it better. If 
you fail to disclose and provide for the 
contingency of known risks, the effected 
party will be angry and will be likely to 
take that anger out through the litigation 
process. 

At least it is better to be sued than 
gunned down at high noon like in the good 01' 
days. 
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ABSTRACT 

Many landslide cases involve geotechnical experts who previously 
rendered professional opinions that were fundamental to development of 
residential sites. Earlier opinions of the expert witness will undoubtedly 
become issues in the litigation. Experts are often retained for limited 
purposes and restricted in their investigations; yet opinions are requested 
that require more extensive review of materials. Conflict of interest 
assignments should be declined; investigative limitations must be ex
plained. 

The use of expert witnesses is a common 
practice in modern litigation. Virtually 
every case, from slip-and-fall accidents to 
the most sophisticated landslide cases, in
volves the use of expert testimony. Unlike 
the typical product liability or personal 
lllJury expert, however, the geotechnical 
expert plays a dynamic role beyond that of a 
paid witness. Soil engineers and engineering 
geologists function in the community in 
clearly defined social roles. These social 
roles transcend their momentary forays into 
the courtroom. 

Landslide experts are frequently called 
upon to render opinions involving geotechnic
al problems in areas of professional study 
from years past. Many cases involve ex
perts who previously rendered professional 
oplllIOns that were foundational to early 
development of the area, or the continued 
development of residential sites. The role 
of expert witnesses may appear identical in 
common tort actions and sophisticated land
slide cases. But the direct involvement of 
expert witnesses in landslide cases often 
makes their role quite different. 

The average accident reconstructionist, 
traffic engineer, biomechanical engineer, or 
economics expert will have absolutely no 
prior involvement with the specific subject 
matter of the litigation. His expertise will 
qualify him to render opinions in his area. 
His involvement begins and ends with the 

testimony elicited. 

The routine landslide expert, however, 
will be a member of the community involved in 
litigation. Governmental approval for devel
opment of the area, or the specific site, in 
question will generally rest upon the opinion 
of one or more experts. With alarming fre
quency, the same experts become involved in 
litigation arising from work they have per
formed or considered in years past. 

Every expert witness is legally and ethic
ally bound to offer opinions truthfully. 
Every expert is expected to be impartial. 
Yet the reality of modern-day litigation re
veals widely variant opinion testimony in 
areas where experts disassociated from the 
litigation would seldom disagree. 

The objectivity CrISIS is heightened in 
those cases where the litigation expert is 
paid to offer oplllIOns inconsistent with 
prior opinions that he has provided. The 
problem is never more evident than in land
slide cases where the experts for developers 
or homeowners are called upon to offer trial 
testimony in litigation years down the road. 
As an on-site expert, they approved the de
vc:lopment. Yet in litigation they testify 
that others should have foreseen the dangers 
of such development. 

As a fundamental rule of thumb, it would 
seem that an expert who has prior profession-
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al association in a particular area should 
refuse to accept an assignment to serve as an 
expert witness in a capacity adverse to his 
or her earlier association. In such cases, 
the expert should simply advise the retaining 
lawyer that a conflict of interest exists and 
that it is impossible to consult in that par
ticular matter. 

The sizeable fees, which can be generated 
from major litigation frequently entice even 
those experts who would otherwise decline an 
assignment. After careful rationalization 
and reconsideration, these experts are placed 
in the awkward position of defending their 
new-found client, while disavowing their 
earlier opinions. 

Similarly, experts are often retained for 
a limited purpose and restricted in their 
attempts to investigate the situs of their 
assignment. The homeowner or attorney will 
then request opinions that require extensiive 
review of materials beyond the economic 
parameters that have been imposed. Rather 
than reject the assignment, some experts 
will simply "make do" and offer opinions 
based on the information then available. 
Once again, they are placed in a situation 
where they must defend an indefensible 
position. 

While the role of an expert witness is 
often difficult, the landslide expert has 
responsibilities that exceed those embodied 
in their retainer for the purposes of litig
ation. The opinions of such experts affect 
the lives of the litigants as well as others 
who choose to rely on their specialized know
ledge and skills. Even continued use of the 
affected properties will turn upon their 
opinions. 

While there is no doubt that experts are 
required in virtually every form of landslide 

litigation, both attorneys and potential ex
perts should carefully consider their respec
tive roles. When an expert has been assoc
iated with the development of the area in
volved in litigation, his earlier opinions 
will undoubtedly become issues in the litig
ation. Retainer as an independent expert to 
evaluate what transpired becomes difficult, 
if not impossible. Where earlier oplDlOns 
will support the views offered in litigation, 
the conflict is less obvious, but nonetheless 
present. 

While lawyers cannot be excused from res
ponsibility when the objectivity of their 
experts is in doubt, the primary responsibil
ity would seem to fall fundamentally to the 
experts themselves. Similarly, where a po
tential client, homeowner, or lawyer requests 
opinions beyond the scope of the assignment 
at hand, the limitations which are present 
must be explained. The urgent need of the 
homeowner to obtain a permit, or the fervent 
desire of the lawyer to obtain a supporting 
opinion, should not control the outcome. 

In the final analysis, those experts who 
allow their integrity to come into question 
will become less and less desirable to poten
tial clients. Few building inspectors, home
owners, or trial lawyers will recommend an 
expert who has demonstrated a willingness to 
compromise his integrity. 

As in the case of any professional, land
slide experts sell their prof essional name 
and personal reputation. Turning down or 
limiting assignments that jeopardize those 
critical assets will ultimately prove bene
ficial. In so doing, an expert will improve 
his professional stature and increase the 
probability that he will be retained in 
higher quality cases. Such cases will inev
itably produce more satisfying economic and 
professional returns. 
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ABSTRACT 

The combination of widespread geomorphically unstable slopes, occas
ional episodes of intense precipitation, and chronic vegetal disturbances, 
particularly from fire, results in widespread landsliding in the mountains 
of southern California. The interactions of terrain, climate and veget
ation that lead to landsliding are illustrated for the San Bernardino 
Mountains. The varying incidence of liquid and solid precipitation with 
altitude influences whether infiltration can exceed soil conductivity, 
leading to overland flow and erosion. Snow is the predominant form of 
precipitation above 2,300 m. Rainfall is heaviest at about 1,700 m. 
However, the most intense short-term precipitation events are associated 
with higher than normal snow-lines owing to coupling of airmass character
istics with precipitation intensities. More drainage areas are subject to 
storm flooding than suggested by the climatological distribution of 
rainfall. Thunderstorms and Mexican west coast tropical storms may cause 
more localized flooding and landsliding in summer especially on the eastern 
scarps of the mountains. 

The physical presence of plants has numerous effects on the infil
tration of precipitation and, thus, on slope stability. The physiognomy of 
vegetation influences snow interception, melt rates, and seasonal moisture 
regimes. Fires remove plant cover, and expose slopes to rapid sediment 
erosion and debris flow. The extent of denudation depends upon the fuel 
arrangement of ecosystems, influences of terrain, and the rapidity of 
post-fire succession. Chaparral tends to burn hot and clean. Conifer for
est systems are mostly characterized by surface fires. Fire suppression 
has further exascerbated the catastrophic nature of the fire-flood cycle. 

INTRODUCTION 

Landslides are common in southern Califor
nia, not only because of widespread unstable 
slopes and fractured substrate in the 
mountains; they are also a result of the 
catastrophic nature of the mediterranean 
climate and the tendency for most of the 
plant communities to experience chronic 
disturbances. Southern California's subtrop
ical winter storms have produced the highest 
24 hour precipitation intensities in Califor
nia and nearly so in the whole United States. 
The peak value was 66.3 cm on January 22, 
1943 at Hoegees Camp in the San Gabriel 
Mountains (California, 1980). Often half of 

the annual preCIpItation can fall in a single 
storm series that lasts a week or two. Pro
tracted summer drought is associated with 
vegetal flammability and wildfires which 
denude hillsides and accelerate sediment 
yield. 

Except when triggered primarily by earth
quakes and construction projects, slope 
fa ilures in southern California occur most 
frequently when soils and substrate are 
saturated or weakened by unusually heavy 
precipitation. Most such failures occur 
during storm flooding, during spring snow-
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melt, or after burns. Within the region's 
highly variable climate are areas where 
precipitation extremes coincide with unstable 
terrain to produce zones of heaviest land
sliding activity. The mesic San Bernardino 
Mountains are discussed below to illustrate 
climatic and biotic factors that influence 
landsliding in southern California (see 
Minnich, 1986). 

GEOGRAPHIC DISTRIBUTION AND 
ZONATION OF PRECIPITATION 

In southern California, nearly all precip
itation is derived from the cold fronts in 
cyclones moving onto the Pacific coast from 
the northern Pacific Ocean. The cool trade
wind, marine layer in the cyclone "warm 
sector" (Elliott, 1958) causes cold fronts 
to behave like occlusions, yielding long per
iods of steady rain. Precipitation usually 
stops after the front has passed; but cold 
air instability can cause residual showers, 
especially over the mountains. 

Very accurate and detailed information on 
annual precipitation is available for the 
San Bernardino Mountains (Fig. 1), because of 
excellent coverage by cooperative observers. 
The orographic lift of south to south
westerly winds during storms (Minnich 1984) 
results in sharp precipitation gradients 
along the west-to-east oriented slopes of the 
range. Annual precipitation increases from 
about 500 mm along the south base of the 

Figure 1: The mean annual 
precipitation (mm) in the San 
Bernardino Mountains (from 
Minnich, 1986) . 

mountain to about 1000 mm at the crest, then 
decreases to 200 mm at the boundary with the 
Mojave Desert to the north. 

But most of the storms occur in winter. 
Consequently a high proportion of the annual 
precipitation is snow at the higher elev
ations of the mountains, in spite of the 
relatively temperate climate. The varying 
incidence of liquid and solid precipitation 
influences surface hydrology. Infiltration 
of rainfall into soils, of course, is immed
iate and can readily exceed the soil conduc
tivity. When precipitation exceeds infil
tration, and once the soil is saturated, 
overland flow occurs and soil may be eroded. 
Infiltration of snowfall is normally spread 
out over longer periods owing to low melt 
rates. At high altituges where snowfall 
rates exceed melt, soil moisture recharge may 
occur after the winter precipitation season 
in the late spring or early summer. 
Infiltration may still occur at high rates 
given warm temperatures and the intense solar 
radiant fluxes associated with the summer 
solstice. 

Clearly we need to consider annual rain
fall distribution, rather than total precip
itation. The altitudinal and geographic 
distribution of snowfall and rainfall cannot 
be developed from the scant snowfall data; 
but altitudinal snow profiles can be deduced 
from National Weather Service radiosonde 
data, and the liquid equivalent of snowfall 
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(Fig. 2) can be determined by graphical 
analysis (Minnich, 1986). 

Total freezing precipitation increases 
rapidly with altitude. The long-term mean 
snowline averages 2,300 m. Nearly all pre
cipitation is snow above 3,000 m. The frac
tion of annual precipitation in the form of 
snow is only 75% at 2,750 m and 25% at 
1,750 m. Snow is rare below 1,250 m. The 
annual liquid equivalent of snowfall (Figure 
2) on the Pacific slope of the San Bernardino 
Mountains increases from 50 mm at 1,300 m to 
200 mm at 1,800 m and 400 mm at 2,300 m. The 
peaks above 2,600 m receive 600 to 900 mm of 
snowfall. Annual snowfall in high interior 
basins, such as Big Bear Valley, rarely ex
ceeds 300 mm because the increased proportion 
of snowfall is counteracted by decreasing 
annual precipitation. 

A verage monthly snowlines fall through the 
precipitation season from 2,700 m in autumn 
to 1,700 m in spring, owing to cooling of 
ocean waters and the west-coast marine layer. 
A climatological mean trough in the jet 
stream over the western United States results 
in numerous relatively cold frontal systems 
moving over the area from the Gulf of Alaska. 
As a consequence, peak snow ac~umulation 
rates tend to occur in winter at highest 
altitudes, but skew toward spring at inter
mediate altitudes. The decline in storm 
snow lines results in large increases in snow 
totals in the range. In fall and winter, 
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Figure 2: Annual liquid equi
valent of snowfall (mm) (from 
Minnich, 1986). 

heavy snow accumulations are restricted to 
the highest peaks. Colder storms in spring 
result in additional, lighter and wide
spread snowfalls throughout the San Bernard
ino Mountains (Minnich, 1986). 

By subtracting the liquid equivalent of 
snowfall from the annual precipitation data 
we can generate contours for annual rainfall 
in the San Bernardino Mountains. The result 
is a rather unexpected distribution (Figure 
3). Along th(: lower coastward slopes, annual 
rainfall increases with annual precipitation 
up to an altitude of about 1,700 m; above 
this further increases in annual precipit
ation are countered by increases in snowfall. 
Peak annual rainfall amounts of 700-800 mm 
at intermediate altitudes are actually not 
significantly greater than amounts at the 
base of the range. Rainfall decreases rapid
ly with altitude in the highest parts of the 
range due to rapid increases in the propor
tion of snowfall. Annual rainfall is only 
400 mm at Big Bear Lake (2,100 m) and less 
than 100 mm at Mount San Gorgonio (3,500 m). 
Rainfall in interior basins and on lee slopes 
is generally les~ than 400 mm. 

Even after correcting for rainfall, rather 
than total precipitation, the mean annual 
values may not be the best factor to relate 
to landsliding. Geomorphic processes like 
slope failure are more often related to 
short-lived, extreme, precipitation events 
than to long-term climatic means. Rainfall 
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is more significant than snowfall since it 
allows more immediate infiltration. Never
theless, the altitudinal zonation of snow
lines is not unrelated to extreme events. 
This results primarily from a coupling of 
air-mass storm temperatures with precipit
ation intensities. A secondary factor is the 
influence of sea surface temperatures in 
the Pacific Ocean basin on latitudinal 
anomalies and configuration of the jet 
stream (Namias and Cayan 1979; Rassmussen 
and Wallace, 1984). 

The most significant relationship is that 
higher precipitation rates and intensities 
coincide with higher snowlines at all time 
scales. This includes annual precIpItation, 
early season precipitation (fall and winter 
rather than spring), and storm precipitation. 
For example, mean snowlines are at 2,200 m 
for storms with intensities greater than 
50 mm-in-12 hours and lift to 2,800 m for 
storm intensities greater than 100 mm-in-
12 hours. The 11 heaviest storms, which 
account for 25% of the total precipitation 
for the period 1956-1980, had mean snowlines 
of 2,750 m. Most were subtropical frontal 
storms such as the event of January-February 
1969 (Minnich, 1986). 

Thus, there is an inverse relationship 
between the areal extent of snowcover and 
both the total precipitation and the pre
cipitation intensity. Clearly more drainage 
areas are subject to storm flooding than 
is suggested by the mean annual distribution 
of rainfall. Most of the Pacific slope of 
the San Bernardino Mountains received 
1000-2000 mm rainfall up to altitudes of 
2,500 m during the: flood years of 1965-66, 
1966-67, 1968-69, 1977-78, and 1979-80. 
Comparable amounts of snowfall occurred on 
the highest peaks during these years, 
resulting in heavy spring melt from May to 
August (Minnich, 1984). It is perhaps ironic 
that all southern California ski lifts re
ceive largely rainfall during those winters 
with the heaviest precipitation. 

The different proportions of cumulative 
freezing and liquid precipitation as a func
tion of altitude are expressed in the amount 
of fluvial erosion. Most striking are the 
smooth undissected surfaces of the highest 
peaks where snowfall dominates and annual 
rainfall is lower than in most deserts. 

Aside from the landforms of the Pleistocene 
glaciations (Sharp et at., 1959) and the 
nivation hollows (Minnich, 1984), the most 
conspicuous landforms on these peaks are 
avalanche chutes. These chutes are found 
downslope to the mean snowline, at about 
2,000 m. 

SUMMER THUNDERSTORMS 

The preceding analysis of precipitation 
does not inel ude the eff ects of summer 
thunderstorms. Between early July and about 
September 10, afternoon thunderstorms are 
common in the mountains of southern Califor
nia. Precipitation is heaviest from the San 
Bernardino Mountains southward along the 
eastern escarpmen ts of the Peninsular 
Ranges. These ranges orographically convect 
unstable tropical air masses that have moved 
into the Coachella-Imperial Valley from the 
Gulf of California (Hales, 1974). Long-term 
annual summer precipitation amounts in the 
mountains of southern California are mostly 
light, with maximum values of 30-80 mm in the 
most favored sites. Thunderstorms typically 
develop over the highest terrain: cells form 
over mountain updrafts, mature over summits, 
and dissipate when northward moving ambient 
winds sever the cell from the updraft zone. 
Upon dissipation, an old cell is replaced by 
the development of another, so that thunder
storms often maintain stationary positions, 
or standing cumulonimbus clouds. As a con
sequence, heavy precipitation can be sus
tained for long periods (perhaps an entire 
afternoon) but over isolated areas. 

The most extreme summer storm I have 
documented is a thunderstorm that dropped 
25 mm in 14 minutes at Barton Flats, 10 km 
northeast of Mount San Gorgonio, on August 
14, 1965. A thunderstorm which deposited 
about 125 mm in two hours on the upper West 
Fork of Barton Creek on nearby San Bernardino 
Ridge (recorded in a coffee can rain gauge) 
produced aim deep mud flow over two square 
kilometers of Barton Flats in August, 1967. 

Unusually moist air masses occasionally 
result in more general thunderstorm activity 
over the mountains and deserts, though seldom 
over the southern California coastal plain 
due to the stabilizing influence of the 
coastal marine layer. The most significant 
summer precipitation comes from rare Mex-
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ican, west-coast, tropical storms (chubascos) 
that move into southern California from the 
south (e.g. September: 1939, 1963, 1976; 
August: 1977). 

Many of these tropical storms bring, heavy 
general precipitation and embedded thunder
storms for 24-hour periods. However, ambient 
winds usually have an easterly component so 
that the heaviest windward slope precip
itation occurs on the eastern flanks of 
mountains facing the desert. For example, 
the September 1976 tropical storm (Kathleen) 
produced 250-300 mm on the eastern scarp of 
the San Bernardino Mountains. The moisture 
from nearby dissipating chubascos also 
resulted in 100-200 mm in these areas during 
the summers of 1983 and 1984. Summer storms, 
rather than winter cyclones, are probably the 
most significant geomorphic agent on the 
desert faces of the southern California 
mountains. 

INTERACTION OF 
VEGETATION AND FIRE 

The physical presence of plants has numer
ous effects on infiltration of precipitation 
and slope stability (recent summary in 
Greenway, 1987). The impacts of plant cover 
are difficult to isolate because of the 
inter-relationships between climate and veg
etation distribution. The sparse vegetation 
cover of deserts encourages flash-flooding, 
in spite of limited precipitation. The 

\ 
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Figure 3: Mean annual rainfall 
(mm) in the San Bernardino 
Mountains. 

heavier productivity, biomass, stature, and 
cover of vegetation in wetter climates help 
cushion the impact of precipitation by 
several means. For example, raindrop erosion 
and rilling are inhibited, and water is 
recycled through transpiration. Dense root 
systems help consolida te slope materials 
against failure. The impacts of vegetation 
are variable owing to differences in the 
physiognomy and dynamics of plant ecosystems. 

For the San Bernardino Mountains, which 
contains nearly all plant communities occur
ing in southern Calif ornia (Fig. 4), two 
processes modify the vegetation cover and its 
contribution to slope stability: snow 
interception, and wild fires. They are de
scribed below. 

Vegetation of the San Bernardino Mountains 

The mediterranean climate of southern Cal
ifornia is modified by the relief of the San 
Bernardino Mountains; they produce increas
ingly mesic environments with altitude owing 
to the generally increasing precipitation 
and cooling t~I11pera tures (Minnich, 1988). 
As a response, the vegetation forms zonal 
belts with elevation in which chaparral is 
replaced by hardwood oak forests, and then 
conifer forest (Figure 4). 

Chaparral consists of a single layer of 
contiguous, evergreen sclerophyllous shrubs, 
and encircles the range below a bou t 1,900 m. 
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Lee slopes extending into rain shadows are 
covered by open stands of desert chaparral. 
The chaparral belt on the Pacific slope is 
broken by disjunct mixed evergreen forests 
of canyon live oak (Quercus chrysolepis), 
bigcone Douglas fir (Pseudotsuga macrocar pa), 
and Coulter pine (Pinus coulteri). Mostly 
open stands of mixed conifer forest (Pinus 
ponderosa, P. jeffreyi, P. lambertiana, Abies 
concolor, Calocedrus decurrens) extend con
tinuously across the crest of the range above 
1,500-1,900 m. Small areas of subalpine 
lodgepole pine forest (Pinus contorta, P. 
flexilis) cover the highest peaks above 
2,500 m. Open stands of scrubby pinyon
juniper forest (Pinus monophylla, Juniperus 
occidentalus) are found along the arid north
ern and eastern perimeters of the range. 

Snow Interception 

Comparison of the vegetation zones (Figure 
4) with annual precipitation and snowfall 
(Figures 1-2) shows that mixed conifer forest 
spans a wide range of annual precipitation. 
However, the range of this ecosystem cor
relates well with areas having at least 
200 mm liquid equivalent of snowfall. At 
lower eleva tions, the chaparral receives 
largely rain. These trends are probably 
more than coincidental owing to differential 
snowfall interception and melt rates in 
these ecosystems. Commonly, the lower al
titudinal limit of the winter snow pack occurs 
along the boundary between mixed conifer 

Figure 4: Vegetation of the 
San Bernardino Mountains (af
ter Minnich, 1987a). P: pinyon 
juniper forest; MEF: mixed 
evergreen forest; MCF: mixed 
conifer forest C: chaparral. 

forest and chaparral, especially if there 
are long intervals between winter storms. In 
chaparral, most snow collects on the shrub 
canopy and is rapidly melted by air 
circulation within the shrub layer and long
wave energy emitted by shrubs that are large
ly absorptive (dark) to solar radiation. 
In mixed conifer forest, by contrast, most 
snow accumulates on the forest floor. Melt 
rates are lower because the shade from trees 
is more important than the long-wave energy 
emi tted by them (Anderson, 1956). 

The resulting seasonal soil moisture 
cycles are in phase with the seasonal growth 
flushes of each ecosystem. In mixed conifer 
forest, snow storage as a pack delays infil
tration until late spring, so that water
demanding trees have soil moisture available 
to survive summer drought. Immediate melt 
of snow in chaparral makes soil moisture 
available during the spring growth flush. 

Burning 

Extensive research on the chaparral has 
shown that denudat~o'n by fire temporarily 
exposes drainage basins to rapid sediment 
yield and debris flow until new growth re
establishes itself (see papers in Mooney and 
Conrad 1977; Conrad and Oechel 1982). The 
reputation of the fire-flood cycle of the 
chaparral ecosystem has probably obscured the 
f act that fire regimes, in particular the 
site frequency, areal extent of burns, extent 
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Figure 5: Fires (shaded areas) between 1972 and 1980 in the San Gabriel 
Mountains (top) and the coastal Sierra Juarez in northern Baja California 
(bottom). S: coastal sage scrub; C: chaparral; F: conifer forest: P: 
pinyon-juniper forest; D: desert scrub. Source: landsat imagery (Minnich, 
1983). 
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of fire damage, as well as the pace of 
post-fire vegetation succession varies con
siderably among plant ecosystems (Minnich, 
1987a). 

Fire frequency is broadly proportional to 
annual precipitation, stand plant product
ivity, and fuel accumulation rates. Combus
tion intensities and stand turnover (extent 
of denudation) depend upon the arrangement 
of fuels and influence of the terrain on 
which they grow. Chaparral and other brush
land vegetation, having strong horizontal and 
vertical continuity, tend to burn hot and 
clean, with all above-ground fuels removed 
except for largest stems. Mixed conifer f or
ests generally survive low intensity litter 
fires owing to open stand structure and ab
sence of shrub understory. Intermediate 
rates of fire damage occur in mixed evergreen 
forests in the chaparral belt, because stands 
occur in variable amounts of chaparral. 
Dense stands of pinyon-juniper and subalpine 
forests tend to sustain canopy fires. 

Fire intensities and stand damage in all 
ecosystems are enhanced by slope, especially 
smooth concave surfaces, owing to the chan
neling of superheated air from fire runS. 
Fire damage tends to be limited on gentle 
slopes, dissected convex canyons, and out
crops since these fail to support fire runs 
or have limited fuel continuity. Denudation 
of the chaparral exposes drainages to in
creased surface run-off, which may be 
encouraged by development of near-surface 
hydrophobic layers after intense fires (Dunn 
and DeBano, 1977). While these processes may 
accelerate sediment yield and debris flow 
in the canyon bottoms, deep infiltration may 
in fact be discouraged (for coastal sage 
scrub, see Morton, this volume). 

Early chaparral succession (see reviews by 
Hanes, 1977, 1981, and Reid and Oechel, 1984) 
is characterized by a dramatic flush of a 
diverse array of herbaceous annuals and 
perennials which persists about 1-5 years. 
The turnover of chaparral roots, which extend 
3-5 times deeper in the regolith than the 
height of the shrubs (1-4 m), is very slow. 
Shrub species in the genera Adenostoma, 
Quercus, Prunus, Rhamnus, Ga rrya , Rhus, and 
Cercocarpus, and about half the species in 
Ceanothus and Arctostaphylos are mostly vig
orous sprouters (Wells, 1969). 

Roots of nonsprouters in Ceanothus and 
Arctostaphylos decompose only after several 
years; during this time seedlings of these 
genera, as well as other resprouters, rapidly 
form canopy cover in the postfire succession. 
Thus, while fire results in increased runoff 
and sediment yield, it is unclear whether 
landslides are encouraged, especially under 
conditions of heavy rainfall when sliding 
can be initiated in burned or unburned 
slopes. 

Surface fires result in little change in 
surface hydrology in mixed conifer forest 
because fire mortality and stand turnover is 
small. Likewise, while mixed evergreen for
ests are often fire-killed, these trees are 
associated with an understory of root
sprouting chaparral or Quercus chrysolepis. 
Pseudotsuga macrocarpa forests typically sur
vive fire on precipitous sloes and deep can
yons. Subalpine and pinyon-juniper forests 
are often denuded by small crown fires. 
Fire recurrence intervals are measured in 
centuries, however, due to limited stand pro
ductivity associated with drought or cold 
temperature. Although burns may be relatively 
barren for decades, slide action is discour
aged by the predominance of snowfall. 

Differences in fire regimes among ecosys
tems further point to the unique combination 
of factors which encourage rapid fluctuations 
in the surface hydrology of the chaparral. 
Stands are normally denuded at high frequen
cies (20-60 years) owing to high annual 
precipitation and stand productivity. Most 
precipitation is rain which can occur at high 
in tensi ties. 

Brush Conversion 

Land managers have attempted to ameliorate 
soil exposure during the first year after a 
burn by broadcast seeding of exotic annual 
rye grass, but this practice has become 
increasingly questioned because of possible 
long-term hydrologic impacts. Rye grass can 
germinate and form substantial cover immed
iately after initial fall rains. This is 
long before the spring germination of most 
of the fire annuals and, thus, offers slopes 
protection against erosion for the entire 
first rainy season after a burn. However, 
there are tradeoffs: rye grass can interfere 
with chaparral seedling establishment, most 



of which occurs the first year or two after 
a fire (Hanes, 1977, 1981), resulting in 
stand-thinning and invasion of European an
nual grasses. By curing each summer, grasses 
can shorten fire intervals to levels which 
further degenerate chaparral owing to mor
tality of seedlings before they reach repro
ductive age. Frequently burned sprouting 
shrubs eventually die of carbohydrate deplet
ion of the root zone attendant with frequent 
removal of the canopy (reduced photosyn
thetic capacity to feed the roots). 

The potential hydrologic consequencies of 
brush conversion are enormous because deep
rooted chaparral species are replaced by 
shallow-rooted grasses. In one experiment at 
the San Dimas Experimental Forest near Glen
dora, slopes which were converted to grass 
yielded about IO-times more sediment than 
control chaparral drainages during the heavy 
storms of 1965, 1966, and 1969, largely as 
the result of soil slips and debris flows 
(Rice et ai., 1969; Rice and Foggin, 1971). 

Fire Suppression 

Fire suppression management has further 
exascerbated the catastrophic nature of the 
chaparral fire-flood cycle. It has been gen
erally assumed that the pattern of large, 
intense, chaparral fires over the 20th cen
tury was also characteristic during prehis
toric times. However, suppression has been 
such a long-standing policy that no one re
members how fires spread uncontrolled without 
management. Reconstruction of fire regimes 
can be made from fragmentary historical ac
counts (Minnich, 1987, 1988) and analysis of 
the current burning regime in the chaparral 
of northern Baja California, Mexico, where 
nearly uncontrolled burning still exists 
(Minnich, 1983, in press). 

These studies indicate a pattern in which 
numerous small fires, due to high anthropo
genic and lightning ignition frequencies, 
have an erratic "smoulder-and-run" behavior 
and persist for months under variable weather 
conditions (Fig. 5). A fragmentation of 
stand structure results from the long flam
mability period of the chaparral, i.e., the 
time after a burn until the new stand again 
becomes flammable. Small areas with dif
ferent burning dates build up a mosaic of 
stands. Thus, fires in progress run into 
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previous burns and stop for lack of fud. A 
negative feedback develops between the number 
of fire events and fire size. Under sup
pression, however, the immediate control of 
small fires (about 95% of all ignitions) in
herently permits a few fires to become uncon
trolled and extremely large under the most 
severe weather conditions. This is because 
the ability of suppression forces to extin
guish a small burn depends on how rapidly 
it grows. Fire size increases because sup
pression temporarily postpones burning, and 
increases spatial continuity of flammable 
stands. 

The larger, more intense fires, which re
sult from suppression, affect greater lengths 
of stream courses and maximize the area of 
catastrophic sediment yield. Prior to con
trol, denuded slopes were disjunctly scat
tered about in small patches with probably 
lower rates of hydrophobic soil development. 

CONCLUSION 

Snowfall, rainfall, vegetation, fire in
tensity and the stability of slopes are 
inter-related in complex fashion. 

Precipitation and subsequent moisture in
filtration are key factors in slope stabil
ity. But it is vitally important to separate 
rainfall and snowfall, and to examine the 
pattern of high-intensity events that may not 
be reflected in averaged annual data. 

Vegetation determines the pattern of snow 
melt, influences infiltration and run-off, 
and contributes to the nature and frequency 
of fires. Plant roots strengthen soil mater
ials on slopes. But, by their steepness and 
aspect, the slopes themselves influence both 
the precipitation and the spread of fires. 
Since slope, aspect, precipitation and fire 
are all important to the vegetation, it is 
difficult to isolate the influence of anyone 
factor; it is equally difficult to predict 
the long-term results of slope-, fire-, or 
brush-management strategies. 
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ABSTRACT 

Following the widespread destruction and loss of life from debris 
flows during the catastrophic rainstorm of January 3-5, 1982~. in the San 
Francisco Bay region, California, the U. S. Geological Survey began to 
develop a system to issue landslide warnings in advance of approaching 
storms. An important element of this warning system is the determination 
of the critical levels of antecedent rainfall, and of the intensity and 
duration of storm rainfall that may lead to the initiation of debris flows 
on susceptible slopes. A number of empirical rainfall thresholds for the 
initiation of debris flows have already been developed -- from global, 
regional, or local data sets -- but a coherent theoretical framework link
ing slope stability, pore pressurle, and heavy rainfall has been lacking. 
Presented here is a simple coherent set of analytical models of these 
interactions. These models are idealized (e.g. infinite slope, parallel 
flow, and rate of flow proportional to head), but include the most 
important parameters and their first-order interactions. 

An existing slope-stability model is used to illustrate the interac
tion between pore pressure and slope stability. An original model, based 
on a "leaky-barrel" concept, depicts the influence of heavy rainfall on the 
pore pressures within a hillslope. These pore pressures reflect the dy
namic balance between incident rainfall and drainage losses. Through the 
leaky-barrel model, this dynamic balanc:e may be represented by a linear, 
first order, differential equation that may then be solved for a variety of 
rainfall-time histories. The drainage of a given hillslo)le may be 
characterized by a constant drainage coefficient, or by a half-life. Both 
the magnitude and the timing of the piezometric response to a given 
rainstorm are strongly influenced by the value of the drainage coefficient. 

The leaky-barrel model was validated by using measurements of rainfall 
and piezometric response in a hillslope near La Honda, California, during 
the severe rainstorm sequence of February 12-20, 1986. A relationship is 
developed between the peak piezometric response of the leaky-barrel model 
and the intensity and duration of a single burst of rainfall. Finally, 
examples illustrate that the leaky-barrel model and the sllope-stability 
model may be used together to derive critical rainfall thresholds for shal
low slope failures. These developments should allow significant future 
refinements of the rainfall/debris-flow thresholds currently used in real
time warning systems for debris flows. 
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INTRODUCTION 

Shallow slope failures are an often damag
ing, even fatal, consequence of severe rain
storms. Especially dangerous are soil slips 
that mobilize into debris flows that can move 
very rapidly, as much as 20 m/sec, and can 
travel great distances, as much as several 
kilometers, down stream channels (Campbell, 
1975; Costa, 1984). Storm-induced debris 
flows are a significant cause of property 
damage and loss of life in many areas of the 
world, especially in mountainous coastal 
regions with a high degree of development 
such as in Hong Kong, Japan, New Zealand, and 
in this country, thle Los Angeles metropoli
tan area and the San Francisco Bay region. 
Campbell (1975) described the severity of the 
debris flow problem in the Santa Monica Moun
tains in Los Angeles and recommended a number 
of remedial measures, including developing 
systems for issuing public warnings when 
rainfall conditions reach a stage where d<:b
ris flows may be initiated. Campbell listed 
three components necessary for such a warning 
system: (1) a system of rain gages, record
ing on an hourly basis; (2) a system for 
tracking centers of high-intensity rainfall 
across the region (Campbell recommended 
weather radar for this purpose); and (3) an 
administrative and communications system to 
collect and process the data, compare it to 
critical rainfall thresholds for debris flow 
initiation, and issue appropriate warnings to 
the public. 

Until recently, most people concerned with 
geologic hazards in the San Francisco Bay 
region regarded debris flows as a problem 
with a relatively low priority. Then came 
the catastrophic storm of January 3-5, 1982, 
when up to 24 in. (600 mm) of rain fell in a 
period of 42 hours (most of it within 18 
hours), causing over $280 million property 
damage and 33 deaths -- 24 from debris flows 
and other landslides (Smith and Hart, 1982). 
In the aftermath of this storm, the U.S. Geo
logical Survey (USGS) began to develop a 
real-time debris-flow warning system for the 
San Francisco Bay flegion. 

Another major storm sequence passed 
through the San Francisco Bay region Feb
ruary 12-20, 1986. A series of very strong 
storm fronts delivered totals of up to 30 in 
(800 mm) of rainfall to the upland areas 

surrounding San Francisco Bay, triggering 
many debris flows and other types of land
slides throughout the region. By this time, 
work by the Regional Landslide Research 
Group within the USGS had progressed to the 
point that rainfall forecasts made by the 
National Weather Service (NWS) could be 
evaluated and compared to preliminary estim
ates of rainfall/debris-flow thresholds. On 
14 February, a public advisory was issued by 
the USGS, through the NWS, stating that 
rainfall forecasts had indicated an increased 
hazard of debris flows in parts of the San 
Francisco Bay region. Several other advis
ories followed during the course of the 
storm sequence (NWS, written communication, 
1986). This warning, the data and theory on 
which it was based, and the distribution of 
debris flows and other landslides resulting 
from this storm are described in a separate 
fleport (Keefer and others, 1987). 

Subsequent to the February 1986 storm, 
additional theoretical work has refined our 
understanding of the relationships between 
slope stability, pore pressures, and heavy 
rainfall; this work is the focus of the pres
ent paper. 

EXISTING RAINFALL THRESHOLDS 
FOR DEBRIS FLOWS 

In the past few years several authors have 
published estimates of the intensity and 
duration of rainfall required to trigger 
debris flows. Campbell (1975, p. 20) estim
ated that the initiation of debris flows on 
susceptible hillslopes in the Santa Monica 
mountains required about 10 in (254 mm) of 
antecedent rainfall, a minimum rainfall in
tensity of a quarter of an inch per hour (6.4 
mm/hr), and a duration "long enough to estab
lish a perched ground-water table of suffic
ient thickness to cause failure." Caine 
(1980) collected a world-wide set of rainfall 
da ta recorded near reported occurrences of 
debris flows. He derived a rainfall/debris
flow threshold by fitting a lower bound to a 
log-log plot of the rainfall intensities and 
their corresponding durations. According to 
this threshold (Fig. 1), the minimum rainfall 
intensity, Ir (mm/hour), for triggering deb
r is flows is related to the duration of the 
rainfall, D (hours) as, 



'" ~ 'iii 
c 
Il> 

'.00 

+J 0.25 c 

0.000'------6'-----''-2 ----''--8-----'24 

Duration (hours) 

Figure 1: Examples of rainfall intensity
duration thresholds for debris flow InIt
iation. The La Honda threshold is that of 
Wieczorek (1987). 

Ir = 14.82 D-0.39 (1) 

Cannon and Ellen (1985) developed rainfall 
thresholds for debris flows in the San Fran
cisco Bay region, based on their compilation 
of rainfall and debris-flow information for 
the January 1982 storm and several other 
historic storms that caused serious flooding 
in the region. Rainfall information was col
lected from 19 rain gages located in six Bay 
region counties; only storms with at least 
10 in (254 mm) of antecedent rainfall were 
included in the data. Cannon and Ellen sub
divided the Bay region into two zones based 
on whether the mean annual precipitation was 
greater than or less than 26 in (660 mm), 
then deri ved separa te rainfall thresholds for 
abundant debris flows for each zone. Only 
the 1982 storm had produced "abundant" 
debris flows, so the Cannon/Ellen thresholds 
simply separate this storm' from the others. 

Another example of an intensity-duration 
threshold for debris flows is that developed 
for a 10-square kilometer research area near 
La Honda in San Mateo County, California, 
based on 10 years of rainfall records and 
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landslide observations (Wieczorek and Sar
miento, 1983; Wieczorek, 1987). Initiation 
of debris flows at the La Honda test site 
requires at least 280 mm of antecedent 
rainfall and rainfall intensities during the 
most severe portion of the storm that exceed 
6.3 mm/hour for at least two successive 
hours, or 4.8 mm/hour for at least three 
successive hours (Wieczorek, 1987). 

For storms in which the average intensity, 
I, is fairly constant, Wilson (1986) noted 
Ufat the combination of the intensity and 
duration, D, required to produce slope 
failure on a specified hillslope may be cal
culated as, 

(2) 

where 10 and K are constants for a given 
site or area. goth the Wieczorek (1987) 
threshold for the La Honda site and the 
Cannon/Ellen (1985) threshold for high rain
fall areas are well fit by equation (2): 10 
:= 6.9 mm/hr and K r = 38 mm for the Cannon
Ellen high rainfall threshold, and 10 = 1.5 
mm/hr and Kr = 9 mm for the La Honda test 
site. 

Figure 1 is a plot of the Caine (1980) 
global threshold, the Cannon/Ellen (1985) 
thresholds for the San Francisco Bay region, 
and Wieczorek's (1987) threshold for the La 
Honda test site. These rainfall/debris-flow 
thresholds were used, together with the Nat
ional Weather Service forecasts, to issue 
public warnings of debris-flow activity dur
ing the storm of February 12-21, 1986, in the 
San Francisco Bay region (Keefer and others, 
1987). 

All of the thresholds discussed above are 
!purely empirical, are based on collections 
of rainfall data linked to observations of 
debris flows and are constructed to be simply 
geometric lower bounds to debris-flow occur
rence. While these empirical thresholds are 
valid for the regions and conditions for 
which they are defined, significant numer
ileal differences exist between them (Fig. 1). 
The theoretical framework presented here is 
intended to provide a basis for explaining 
and reconciling these numerical differences 
and to provide guidance in establishing rain
fall thresholds for debris flows in areas 
that lack an adequate historical data base. 
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RELATION BETWEEN PORE PRESSURE 
AND SLOPE STABILITY 

A number of authors have proposed models 
for the mechanism of initiation of shallow 
slope failures. These models generally at
tribute the shallow slope failures associated 
with heavy rainfall to one of two mechanisms: 
(1) red uction of the shear strength of the 
slope materials by a rainfall-induced in
crease in pore pressures according to the 
law of effective stress (Terzaghi, 1925, 
1943), or (2) increase of the downslope 
loading acting on the slope materials accord
ing to the concept of seepage forces (Taylor, 
1948). Some controversy has arisen as to 
which of these mechanisms is correct, bu t it 
may be demonstrated (e.g. Lambe and Whitman, 
1969, pp 261-263) that the two approaches 
produce equivalent results. The apparent 
differences result from choices of notation 
and frames of reference; equivalent results 
may be obtained either by considering pore 
pressures (boundary water forces with total 
weights), or by deal ing with seepage forces 
(with submerged weights), so long as the 
chosen approach is employed consistently. 
The following analyses employ the method of 
pore pressures. 

Antecedent Rainfall. In order for storm 
rainfall to result in any increase in pore 
pressure, a prior condition must be satis
fied: the slope materials must contain suf
ficient moisture, from antecedent rainfall, 
that all soil suctions (negative pore pres
sures) are nullified. This level of moisture 
in the slope materials corresponds, loosely, 
to the hydrologic concept of "field capacity" 

the water content of a soil that is first 
saturated then allowed to drain completely 
by gravity. The seasonal antecedent rainfall 
required to produce this moisture content is 
controlled, primarily, by four factors: (1) 
the thickness of the regolith covering the 
slope, H t; (2) the density of packing of the 
regolith, expressed as the dry density, 1 d; 
(3) the initial water content of the regolith 
at the beginning of the rainfall season, and 
(4) the loss of moisture from the regolith 
during the course of the rainfall season, due 
to evaporation from the soil and transpir
ation by vegetation. 

Because most of the rainfall in the San 
Francisco Bay area falls during the months of 

November through February when average daily 
temperatures are low, the fo ur th fa ctor, 
evapo-transpira tion, is negligi ble un til 
March or April, late in the rain season when 
warm weather returns. The third factor, 
initial water content, may be approximated by 
the "permanent wilting point" where the soil 
suctions exceed the osmotic suctions of the 
plant roots. Under these assumptions, the 
amount of seasonal antecedent rainfall, Ro' 
necessary before posi ti ve pore pressures can 
be achieved, may be estimated from the re
lation, 

(3) 

where W c is the water content at field 
capacity, W w is the water content at the 
permanent wilting point, a~d 1w is the 
density of water (62.4 lb/ft, 1.0 kg/liter, 
or 9.8 kN/m3) as adapted from Birkeland, 
1974, p. 18). 

As an illustrative example, consider a 
layer of regolith with a thickness, H t, of 
31 in 3(79 cm) and a dry density, 1 d' of 
951b/ft (1.53 kg/liter or 15 kN/m3). We may 
further assume values of 0.25 for W c and 
0.05 for W , consistent with sandy loam 
(Birkeland, 1 ~7 4). A minimum of Ro = 9.5 in 
(240 mm) of antecedent rainfall would be re
q uired, in this example, before additional 
rainfall could induce positive pore pressures 
in a perched water table. 

Slope Stability. Campbell (1975) followed 
the slope stability analysis of Skempton and 
DeLory (I957) for the special case of an in
finite slope (slope angle, depth of slip sur
face, and material strength characteristics 
all constant, and independent of position 
along the slope; edge effects insignificant) 
and the idealized condition of parallel flow 
(piezometric surface and flow vector both 
parallel to the surface of the slope), as is 
shown in figure 2. For this idealized case, 
the factor of safety, F s' is given by, 

c' + (1t - m 1w) Hv cos20 tan <p 

1t Hv sin 0 cos 0 
(4) 

where e is the slope angle; Hv is the vertic
al depth of slide plane (in many cases the 
base of a layer of regolith or colluvium 
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Gravitational Load: 

T = It Hv sine case 

Shear Strength: 
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where: 

but, 

hp = mHvcos2e, 
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Figure 2: Sketch of a cross section of a hillslope modeled as an infinite 
slope with parallel flow; see equation (4), 

overlying a stronger, less permeable bed
rock); 1t = specific weight of. saturated 
slope material overlying the slide plane; 1 w 
= specific weight of water; c' = effective 
cohesion of the slope materials and ¢ is 
their angle of friction; and m is the ratio 
of the vertical height of the piezometric 
surface above the slide plane, hw' to the 
vertical depth (that is, m = hw/Hv)' 

As the slope is subjected to infiltration 
from heavy rainfall, a zone of saturation 

forms in the regolith overlying the potential 
slide plane, elevating the piezometric sur
face such that hw' and thus the ratio m, in
creases. As hw 2ises, so the pore pressure 
(p = hw 1 w cos &) increases, decreasing the 
effective normal stress on the slide surface 
and there by decreasing the slope sta bili ty, 
Fs' The slope may become unstable (i.e. Fs 
decreases to less than 1.00) if the piezomet
ric surface rises above a critical height, 
hwc' We may estimate this critical height 
by setting F s = 1.00 and re-arranging 
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equation (4), yielding, 

c' ---_._--
,.., w cos20 tan cP 

tanO ,.., t 
+(1 - --A. )Hv(-;;-)' (5) 

tan", I w 

This analysis departs from that of Camp
bell (1975) and several others in that the 
slope materials are considered 1:0 have cohes
ive strength (c' > 0). The assumption of 
z.ero cohesion is conservative in the engin
eering sense (underestimating F s)' but many 
natural slope materials have a significant 
cohesion that may greatly influence the slope 
stability. 

Continuing the example from the previous 
section, consider a planar infinite slope 
with 0 = 30 degrees, underlain by a regolith 
3 ft (91 cm) deep (meas~red vertically), with 
c:ohesion, c' = 50 Iblft (2.5 kPa), a fric
tion angle, <P = 35 degrees, and a s~turated 
specif~c weight, ')'t = 120 Iblft (18.9 
kN/m ). Such a slope would be likely to fail 
if .the piezometric level rose over h c == 30.6 
in (78 cm) above the slide plane. w 

The critical height of the piezometric 
surface, hwc' can be converted into an 
~~quivalent amount of rainfall, Qc' that must 
be retained in the slope before failure can 
take place. Qc is the critical volume of 
rainwater per unit area required to saturate 
the porosity in the regolith to a vertical 
depth equal to hwc' Qc has dimensions of 
length -- inches or centimeters. From volu
metric considerations, Qc is simply the 
product of hwc and the porosity of the rego
lith. However, prior to the rainstorm, the 
regolith already contains some moisture due 
1:0 the antecedent rainfall (the field capac
ity, W c), This moisture already occupies a 
portion of the porosity, nco Therefore, 
rather than the total porosity of the rego
lith, nt, we must consider just the effect
ive porosity, nef' equal to the porosity 
remaining when the regolith is at field cap
acity. Thus, 

(6) 

where, 

(7) 

It may be shown that, 

nef = 1 _ (~ + W) ')'d 
G c ')' 

w 
(8) 

where G = specific gravity of the soil grains 
in the regolith (2.65 for quartz and feld
spars). 

Conti~uing with the example, when \ is 
120 Iblft this corresponds to a dry spec
ific weight of ""d = 95 Ib/ft3; Wc = 0.25, 
and G = 2.65, whIch yields a value of 0.05 
for the effective porosity, or nef' We have 
previously calculated a value of hwc = 30.6 
inches; therefore, the critical amount of 
rain wa ter that must be retained before the 
slope fails is Qc = 1.53 in. (38.8 mm). We 
can see, therefore, that a slope with a high 
stability under dry or fully drained con
ditions (F s = 1.53 when hw = 0) can fail if 
only a moderate amount of rainfall (38.8 mm) 
can be retained in the zone of saturated 
regolith overlying the slide plane. We shall 
consider the problem of determining how much 
rainfall is required to provide this value, 
Qc' in the following section. 

Before taking up the rainfall problem, 
however, some cautions must be noted about 
the preceding analysis. The assumption of 
infinite slope is generally conservative, so 
long as appropriate values of c', <p, and ')'t 
are used, but the assumption of parallel flow 
may be seriously non-conservative. Humphrey 
(I982), for example, performed numerical sim
ula tions suggesting tha t, for regoli th over
lying impermeable bedrock, the height of the 
piezometric surface, hw' could increase sig
nificantly downslope from the hillcrest, due 
to downslope flow combining with water infil
trating from continued rainfall, thus build
ing a hydrographic pulse moving down the 
slope. Iverson and Major (1986) indicate 
that those slopes with seepage vectors in
clined above the slope, at an angle of 
approximately <p to the slope surface, have 
a significantly lower stability than similar 
slopes under parallel flow (seepage vectors 
parallel to slope). In such circumstances, 
the values of hwc and Qc' calculated from 
equations (5) and (6), may be significantly 
overestimated. However, for any hillslope 
susceptible to debris flows, there will exist 
a value of Qc establishing the amount of 
rainfall that must be retained within the 
hillslope before failure can occur. 
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Figure 3: Diagram of a cross section of a hillslope, showing the buildup 
of a zone of saturation and a perched water table in a colluvial soil 
during heavy rainfall (from Campbell, 1975). The diagram indicates 
hydrological complications including the interception of rainfall by trees 
and the presence of animal burrows. The "temporary piezometric su rface" is 
a perched water table. 

RELA TION BETWEEN RAINFALL 
AND PORE PRESSURE 

The increases in pore pressure that init
iate shallow landslides result largely from 
the infiltration of rainfall during storms. 
H the amount of infiltration from the sur
face to the potential slide plane plus any 
throughflow from upslope exceeds the combined 
amounts of downslope throughflow and percol
ation beneath the slide plane, then a tempor
ary "perched" water table can build up 
above the slide plane. This buildup increas-

es the pore pressures acting on the slide 
plane, reducing the stability of the hill
slope. 

The diagram in figure 3, from Campbell 
(I975), illustrates this process and some of 
the hydrological complications. Some of the 
rainfall is intercepted by trees and other 
vegetation. The regolith is not uniform, but 
is mixed with boulders and riddled with 
animal burrows. The upper soil is very per
meable, permitting rapid infiltration with 
little or no surface runoff or erosion. 
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Below the perched water table (called the 
piezometric surface on figure 3), the rego
lith is saturated, and seepage is more or 
less parallel to the slope. Most of the 
rainfall is drained away by a combination of 
percolation and downslope throughflow. If 
the rain is especially intense, however, the 
drainage may not be sufficient to carry away 
all of the inf iltra ted rainwater, so the 
piezometric head within the regolith will 
rise, until the slope fails along the poten
tial slip surface. 

The Model: The "leaky barrel" (Fig. 4) is 
a simple, yet physically meaningful, model 
designed to simulate the interactions between 
rainfall and pore pressures within a hill
slope susceptible to failure in the form of 
debris flows. The leaky-barrel model pro
vides a simple, first-order approximation of 
the retention of infiltrated precipitation 
within such a hillslope, requiring only a 
record of the rainfall and a single parameter 
to describe the drainage characteristics. 
Although independently developed by this 
author, the leaky-barrel model is similar to 
the more complex "tank" model developed by 
Japanese hydrologists to simulate rainfall
runoff relationships. Recently the tank 
model has also been adapted to study inter
actions between rainfall and ground water 
(e.g. Hiura and Sassa, 1985; Kobashi and 
Suzuki, 1987). 

The leaky-barrel model consists of an up
right cylinder, open at the top, closed at 
the bottom, with a small (relative to the 
open top) opening part-way up the side (Fig. 
4). The top is open to receive incoming 
rainfall (infiltration capacity is assumed to 
be infinite). The small opening in the side 
simulates the drainage of water from the 
regolith both by percolation into the 
underlying bedrock and by downslope through
flow. The volume of the cylinder that lies 
below the sidewise opening is intended to 
represent field capacity, the moisture that 
can be held in the regolith by soil suctions 
and cannot be removed by the gravitational 
flow processes represented by the sidewise 
opening. This volume of water is derived 
from the antecedent raInfall represented in 
equation (3). (Actually, the antecedent 
moisture may also be dissipated eventually 
by evapotranspiration, but at a rate far less 
than the gravitational drainage represented 

o 
6 

• ' R 

P 
I' 

z 

incident rainfall 

rainfall stored 

in barrel 

RO= antecedent moisture 
(field capacity) 

Qc= capacity of system 

b drainage rate 

where Kd = drainage coefficient 

so, 

i. = R-Kd Z 

Figure 4: A sketch illustrating the leaky 
barrel model; see equation (9). 



by the spigot, so that evapotranspiration 
losses are ignored in this model.) The vol
ume of water temporarily retained above the 
spigot represents the free pore water in the 
system and correlates directly with the pore 
pressures generated within the hillslope. 

The volume of water, Z, retained above the 
spigot reflects a dynamic balance between the 
infiltration and the drainage of rain water 
into and out of the hillslope. The rate of 
infiltration is assumed to be equal to the 
intensity of incident rainfall, R; the rate 
of drainage, is assumed to be proportional 
to the volume of the free pore water already 
in the system (Fig. 4). Thus, the net rate 
of change in the volume of water retained in 
the system may be expressed as, 

(9) 

where kd is a proportionality term with units 
of I/(time), here called the "drainage coef
ficient." The drainage coefficient is assum
ed to be a constant for a given location and 
represents both percolation into underlying 
bedrock and the difference between the con
tribution from upslope throughflow and the 
drainage by downslope throughflow. 

Equation (9) is a linear, first-order, 
differential equation, which may be solved 
analytically for certain special cases, or 
numerically for the variable rainfall inten
sities in actual rainfall records. Before 
moving to solutions for actual rainfall, 
however, let us consider the following spec
ial cases: 

(1) Drainage without rainfall CR = 0): In 
this case, which represents drainage from a 
slope immediately following the cessation of 
hea vy rainfall, 

z = - kd Z , (lOa) 

which is simply the equation for a first
order decay process. The solution is, 

(lOb) 

where Zo is the retained volume at the time 
that the rainfall (or other input) ceased (t 
= 0), and t is the time elapsed since the 
rainfall ceased. This solution may also be 
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expressed in terms of a "half-life," 

In(2) 
T 1/2 = kd (11) 

where T 1/2 is the time required to drain half 
of the remaining water from the system. As 
discussed in a following section, the half
life for an actual slope may be calculated 
from piezometric records, thereby allowing 
the drainage coefficient, kd , to be determin
ed also. 

(2) ,Response to rainfall at a constant in
tensity CR = 101: In this second case, both 
R = 0 and Z = 0 initially; but then, at time 
t = 0, the rainfall intensity suddenly rises 
to a value of R = 10 , and remains constant 
thereafter (Fig. 5a). Thus, 

(12a) 

The solution to this differential equation is 

If the rainfall 
intensity for a 
or longer. the 
Z, approaches a 
value, 

Z 

continues 
period of 
level of 
temporary 

(l2b) 

at this constant 
several half-lives 
retained rainfall, 
equilibrium at a 

(12c) 

If the rainfall suddenly ceases, the sys
tem will drain, and Z will decrease according 
to equation (lOb; Fig. 5a). This intensity 
pattern is typical of artificial rainfall ex
periments. 

(3) Response to an igealized rainfall 
purst: Natural rainfall is rarely constant 
for extended periods of time, except under 
exceptional conditions such as stationary 
fronts caused by collision of air masses. A 
more typical pattern is the "burst" -- a rap
id passage of a zone of high intensity in 
which the rainfall begins slowly, increases 
rapidly to a peak intensity, i, then decreas
es quickly until the rainfall ceases or is 
reduced to a drizzle. This pattern may be 
approximated by the idealized case pictured 
in figure 5b, where the rate of rainfall in
crease, it, is constant until the peak value. 
I, is reached, then R changes sign (but not 
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Figure 5: Graphs showing response of the 
leaky barrel model (kd = 0.5/hr) to two 
idealized rainfall patterns. A: rainfall at 
constant intensity (10 = 0.5 in/hr) for 12 
hours duration; B: rainfall linearly increas
ing for 6 hours to a peak intensity of 1.0 
in/hr, then linearly decreasing for 6 hours 
back to zero (an idealized burst). Total 
rainfall is 6 inches for both cases. 

absolute value) until the intensity again 
reaches zero. This idealized pattern is here 
termed a "triangular burst". During the 
onset of a triangular burst, 

... A 2t 
K = 1 (T) , 

d 
(I3a) 

where t is the time after onset of rainfall, 
and T d is total duration of rainfall. How
ever, the peak value of retained rainwater, 
Z, is reached only after the peak intensity 
is passed. On this "downside" of the tri
angular burst, 

(I3b) 
and, 

(I4a) 

It may be shown that Z reaches Z when 
I 1/2kd T d 

t = -- In(2e -1). 
kd 

(14b) 

Fortunately, this rather complex analytical 
relationship may be approximated very well 
by the empirical expression, 

R t 
Z = (15) 

I +Ckd Td 

where, R t is the total rainfall during the 
triangular burst, [(1/2)1 T d]' T d = duration 
of the burst, and the term C has been shown 
by repeated numerical simulations to vary be
tween 0.47 and 0.50. C is here treated as a 
constant, 0.48. 

Leaky Barrel -- General Case: During an 
actual storm, rainfall may exhibit a complex 
pattern of intensities varying over time. A 
sequence of several bursts of varying peak 
intensities and durations may occur, inter
spersed with periods of slow drizzle or no 
rain at all. The winter storms typical of 
the San Francisco Bay region often include 
several strong fronts that pass during a 
period of several days (Fig. 6). 

Analytical selutions of ret~ined rain
fall for such complex rainfall patterns are 
very difficult, but good numerical approx
imations may be made quite easily. An 
accurate and stable approximation may be 
obtained from the algorithm, 
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Figure 6: Graphs showing cumulative rainfall (top line) and the responses 
of two leaky-barrel models to a complex rainfall history. The cumulative 
rainfall is that recorded at the La Honda test site during the severe storm 
sequence of 12-19 February, 1986. The middle line shows the response of a 
slowly draining model (kd = O.02/hr); the bottom line, a rapidly draining 
model (kd = O.35/hr). 

where the subscript, n, denotes the "step" of 
the time sequence, <5 t is the time increment, 
and Rn is the accumulated rainfall at time 
t = n&t. 

culator. Actual rainfall records may be used 
as input, and the level of retained rain
fall, Zn' may be calculated in a recursive 
fashion for each time step in the rainfall 
record. The peak value of Z usually, but 
not always, occurs within a few time incre
ments after the maximum rainfall intensity. 

This relationship may be easily programmed 
on a personal computer or programmable cal-

Figure 6 depicts the risle and fall of Z 
for a complex rainfall record -- the 12-20 
February 1986 storm sequence recorded at the 
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Figure 7: Graph comparing piezometric data and model response to the same 
rainfall event. The piezometric data were recorded at the La Honda test 
site (piezometer #1416) during the storm sequence of 12-19 February, 1986. 
The model response is for a leaky-barrel model, kd = 0.10/hr, for the 
rainfall recorded at the site, as shown in figure 6. 

La Honda test site -- and two different leaky 
barrels, one with a high drainage coeffic
ient, the other with a lower value. The up
permost trace is the total cumulative rain
fall, which may be thought of as the record 
of water level, Z, where kd = O. The middle 
trace is for a value of kd = 0.02/hr (a 
"slowly draining site" with T 112 = 35 hours). 
The bottom trace represents the response for 
kd = 0.35/hr (a "rapidly draining site" with 
T 1/.2 = 2 hours). Note that the rainfall ex
hiolts both short periods of intense rain 

(bursts) and longer periods of slower steady 
rain (drizzle). The faster draining model 
(lower trace) responds mainly to the bursts, 
returning to nearly zero during periods of 
slackened rainfall. The slower draining 
model (middle trace), on the other hand, 
while also responding to the bursts, has its 
peak response when bursts follow a relatively 
long period of less intense rainfall (2/17, 
p.m.). Thus, different models with different 
values of the drainage coefficient may res
pond quite differently to the same rainfall 



record. 

The drainage coefficient, and thereby the 
half-life, of a hillslope is con trolled by a 
complex interaction of several factors in
cl uding: (1) permea bili ty of the hillslope 
materials, (2) slope and configuration of 
the ground surface, (3) presence of channels 
such as fractures, pipes, bedding planes, 
animal burrows, roots, and so forth, (4) 
presence of permeability barriers such as 
stratigraphic contacts and clay-rich zones, 
and (5) the drainage of water away from the 
slope down the stream-channel network. Thus, 
the half-life of surface runoff from a slop
ing, highly compacted surface might be a few 
minutes at most, whereas that for a temporary 
spring draining a hillslope with a deep clay
ey soil mantle might be several days or even 
weeks. Springs draining deep bedrock areas 
rna y have half -li ves of months to years. In 
any case, the piezometric response of a par
ticular hillslope to a particular rainstorm, 
though complex in detail, is controlled, to 
a first approximation, by the drainage coef
ficient' kd. 

Testing the model: One of the ways in 
which the leaky-barrel model may be physic
ally tested is by monitoring the pore pres
sure in an actual hillslope and recording 
its response to an actual rainstorm. Such 
measurements have been made at the La Honda 
test site using an array of shallow piezo
meters and a telemetering rain-gauge (G. F. 
Wieczorek, written commun., 1986). Several 
storms, including the storm sequence of 
12-20 February 1986, have been recorded with 
this instrumentation. Figure 7 is a plot of 
the piezometric head, versus time, recorded 
by piezometer # 1416 (depth = 60 cm), together 
with a plot of the response of a leaky-barrel 
model using the rainfall recorded at that 
site during the same period (Fig. 6). The 
value of the drainage coefficient (kd = 
0.10/hr; TILl = 6.93 hr) was selected from 
a number of trials. The model response was 
scaled to correct for the effective porosity 
of the slope materials, estimated as approx
imately 0.05. No other corrections were made 
to the model response -- in particular, the 
time base is the same for both the piezo
metric record and the response of the model. 

Figure 7 shows that the agreement between 
the actual piezometric response and that of 
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the leaky-barrel model is fairly good, though 
not perfect. The peak responses of the piez
ometer and the model are in good agreement 
f or three of the four major pulses of the 
storm sequence. It appears that other fac
tors, not modeled, came into play during the 
period 15 through 17 February, when the most 
significant departures between the two traces 
occurred. One possible factor could be sur
face runoff from upslope as a result of cont
inuing (though less intense:) rainfall onto 
ground already saturated by the intense rain
fall of 14 February. 

By 18 February, the two traces are back in 
reasonable agreement. In spite of these 
discrepancies, the overall aglreemen t between 
the response of the leaky-barrel model and 
the real piezometer record shows that the 
leaky-barrel model successfully simulates the 
primary effects it seeks to represent. 

However, the piezometric response recorded 
by instrument #1416 does not necessarily 
represent the drainage characteristics of the 
entire hillslope. Responses to the same 
rainfall by a number of other piezometers in
stalled at the La Honda test site give widely 
d ifferent values of the drainage coeffic
ient. Instrument #1407, for example, located 
on a different hillslope approximately 33 m 
(100 feet) away from #1416, appears to have a 
much larger drainage coefficient (approx
imately kd = O.5/hr). Therefore, any estim
ation of drainage coefficienlt for a locality 
should be based on a number of piezometers 
rather than a single instrume:nt. 

ESTIMA TING RAINFALL THRESHOLDS 
FOR SLOPE FAILURE 

Having demonstrated that the leaky-barrel 
model can predict the response of subsurface 
pore pressures to heavy rainfall, we may 
return to our original question: "How much 
rainfall is required to initiate failures on 
slopes susceptible to debris flows?" We have 
already discussed the empirical rainfall/ 
debris-flow thresholds developed by Caine 
(1980), Cannon and Ellen (1985), and Wiec
zorek (1987). The leaky barrel provides a 
physical model for the interaction of rain
fall and pore pressure that may be coupled 
with the expressions developed above for the 
relation between pore pressure and slope 
stability. 
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The problem of identifying the combin
ations of rainfall intensity and duration 
necessary to induce slope failures is now 
translated into the problem of how much rain, 
over what period, will allow a critical vol
ume of water, Qc in equation (6), to be re
tained in a leaky barrel with a given drain
age coefficient, kd . In the hypothetical ex
ample used to illustrate equation (5), where 
& is 30 degrees, ¢ is 35 degrees, Hv is 3 ft 
(91 cm), and 1' ~ is 120 Ib per cubic foot, we 
found that, under conditions of parallel flow 
on an infinite slope, failure was likely if 
the piezometric level rose above hwc = 30.6 
inches (78 cm). Using equation 6, we further 
found that the effective porosity nef = 0.05. 
Finally, the critical amount of reta ined 
rainfall, Qc, r(~quired to provide the critic
al piezometric head, was 1.53 inches (3.9 
cm). Therefore, this slope may be expected 
to fail if the peak level of rainwater re
tained in the model exceeds Qc' 

For the case of the idealized triangular 
burst described! by (equation (15), this crit
ical combination of rainfall intensity and 
duration may ble found from the expression, 

R t 
Q---
c- 1+ Ckd Td . 

Thus, the total amount of rainfall, R t, 
required for a storm of duration, T d' must 
exceed, 

(17) 

for a failure to be initiated. Let us fur
ther stipulate that our slope has a drainage 
coefficient, kd' of 0.17/hr (Tl/2 = 4 hr), a 
value roughly consistent with tne values of 
slope and soil density we previously assumed. 
Then, the rainfall threshold may be expressed 
as 

R t = 1.53 in. + (0.125 in./hr) T d' 

Thus, a storm that delivers more than 3 
inches of rain within 12 hours could trigger 
a failure on this slope, while a storm with 
only 2.5 inch(~s in the same period (or a 
storm of 3 inches, but spread over 16 hours) 
would be unlikely to trigger failures. 

For comparison, consider the case of piez
ometer #1416 at the La Honda test site (Fig. 
7). From the leaky-barrel model, we estimate 
the drainage coefficient, kd' to be O.lO/hr 

and the effective porosity nef = 0.05. Sev
eral small debris flows were observed within 
the 10 square kilometer area of the La Honda 
test site on 18 February. They were presumed 
to have resulted from the rainfall burst of 
14 February -- the most severe rainfall at 
this site during the February 1986 storm 
sequence (G. Wieczorek, oral communication, 
1987). The peak piezometric response, during 
the burst of 14 February 1986, was 69 cm of 
hydraulic head. This corresponds to a 
slightly artesian pore pressure because the 
instrument is emplaced at a depth of 60 cm 
(G. Wieczorek, R. Mark, and C. Alger, unpub. 
data, 1986). If we take this value of the 
peak piezometric response as the critical 
piezometric head for slope failure, hwc' from 
equation (6), then 

Qc = hwc nef 
(69 cm)(0.05) 

= 3.45 em (1.36 in.). 

Thus, from equation (17), the rainfall 
threshold for slope failure at the site of 
piezometer # 1416 should be, 

R t = 1.36 in. + (0.065 in./hr) T d 

Therefore, a triangular burst with a dur
ation of 12 hours that provides more than 
2.14 inches of rain could be expected to 
cause slope failures and, thereby, debris 
flows at th is si teo 

There remains the question of how closely 
the idealized burst rainfall pattern assumed 
in equation (15) resembles natural rainfall, 
which can hardly be expected to arrive in 
neat, symmetrical, triangular bursts. Work 
on this aspect of the problem is at a prelim
inary stage, but early results indicate that 
for the purpose of estimating the peak res
ponse, Z, the approximation is surprisingly 
good. Even a complex rainfall pattern, such 
as that depicted in figure 6, may be success
fully approximated as a series of triangular 
bursts, provided that each burst is separated 
from the previous burst by an interruption of 
at least several half-lives. For the rain
fall record used in figure 7, for example, 
estimates of Z, for kd = 0.10, calculated 
from equation (15), treating each of the four 
most intense bursts of rainfall as separate, 
triangular bursts, were found to agree within 
10 percent with Z estimates made from the 



complete rainfall record. When available, a 
complete rainfall record is always prefer
able, but when operating in a predictive 
mode, the idealized burst model can provide a 
preliminary estimate of the likelihood that 
an approaching storm will trigger debris 
flows, so that appropriate action may be 
taken. 

Inspection of equation (17) suggests that 
a converse calculation might be made to esti
mate values of kd and Qc from a set of rain
fall data and debris-flow observations simi
lar to those used to develop the empirical 
rainfall/debris-flow thresholds discussed 
above. Work is currently in progress to re
fine the rainfall/debris-flow threshold for 
the La Honda test site, using the rainfall 
records and debris-flow observations collect
ed by Wieczorek (1987). In the mean time, the 
empirical thresholds of Caine (1980), Cannon 
and Ellen (1985), and Wieczorek (1987) will 
continue to be useful for predictions on a 
regional scale, as they were during the 
February 1986 storm sequence (Keefer et al., 
in press). Equation (17) appears promis
ing for site-specific applications, where kd 
and Qc may be estimated from measurements. 

DISCUSSION 

The simple models presented here do not 
explicitly incorporate several phenomena that 
could be important in predicting storm
induced landslides in some localities. The 
convergence of throughflow into a slope con
cavity, for example, could produce a substan
tial increase in the height of the piezo
metric surface, hw' above that predicted for 
an infinite slope and parallel flow; con
versely, divergence of throughflow over a 
slope convexity could reduce it. High inten
sity rainfall on a hillslope with a limited 
infiltration capacity may not infiltrate 
completely, running off instead as overland 
flow and thereby slowing the rise of the 
piezometric surface. This overland flow 
might then concentrate and infiltrate farther 
downslope, thus causing a disproportionate 
increase in hw at that location. In still 
other situations, ground water may seep out 
of the bedrock, raising the piezometric sur
face in the overlying colluvium. 

Within certain limits, these complications 
may be accommodated within the leaky-barrel 
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model by adjustments of the values of the 
drainage coefficient, kd' and/or the critical 
volume, Qc' Convergence of throughflow, for 
example, would reduce the drainage coeffic
ient, kd' below that of a planar hillslope; 
divergence would increase it. Rainfall in
tensities that exceed the infiltration capac
ity, Rc' of a hillslope can. be h~ndled by 
simply assigning the value, R = R c' during 
the period of the excessiv~: rainfall inten
sity. A small amount of ground water seeping 
up from underlying bedrock may be simulated 
by a small increment added to the incident 
rainfall intensity. 

These adjustments should be made only if 
they do not radically change the values of 
the drainage coefficient lOr the critical 
volume from those estimated from assumptions 
of parallel flow on an infinite slope. The 
rainfall intensity should be adjusted no more 
than a minor amount from aCltual rainfall con
ditions. Situations requiring larger deviat
ions from the assumptions of the leaky-barrel 
model should be investigated using a discrete 
numerical analysis such as the finite ele
ment method (e.g. Humphrey, (982). 

CONCLUSIONS 

1. Paraphrasing Campbell (1975), a real-
time warning system for rainfall-induced 
debris flows requires three technical elem
ents: (a) a network of gauges for monitoring 
rainfall in real time, (b) a means for track
ing fronts or centers of high-intensity rain
fall, and (c) critical rainfall thresholds 
for the initiation of debris flows. This 
paper describes a theoretical framework for 
the development of rainfaJl/ debris flow 
thresholds. 

2. Rainfall thresholds for initiation of 
debris flows already exist, based on collec
tions of rainfall data linked to observations 
or reports of debris flows. These existing 
thresholds are, however, purely geometric 
lower bounds to empirical data sets that vary 
from local to global scales :md exhibit sig
nificant numerical differenc(!s. 

3. In order for a rainstorm to produce an 
increase in pore pressure, the slope mater
ials must already contain sufficient moisture 
from antecedent rainfall to nullify the suc
tions that exist in dry soils.. This moisture 
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content is approximately equal to the field 
capacity. 

4. For cases where assumptions of an 
infinite slope and parallel flow are approp
riate, the slope stability analysis of Skemp
ton and DeLory (1957) may be used to estimate 
the critical height of the piezometric sur
face, hwc' that is required for slope failure 
as in equation (5). 

5. In order for the piezometric head to 
reach the critical level, a critical amount 
of rainwater, Qc = hwc nef' must be retained 
within the hillslope. Tne effective poros
ity, nef' at field capacity is usually much 
less than the total dry porosity. An in
trinsic value of Qc should exist for any sus
ceptible hillslope, even if the assumptions 
of infinite slope and parallel flow do not 
hold. 

6. The interactions between heavy rain-
fall and the piezometric response of a hill 
slope may be represented, to a first approx
imation, by the leaky-barrel model, in which 
the quantity of retained rainwater, Z, re
flects a dynamic balance between the incident 
rainfall and the drainage losses, which are 
themselves proportional to Z. This dynamic 
balance is expressed in the differential 
equation (9), 

where It is the incident rainfall and kd is a 
term here called the drainage coefficient and 
assumed to be a constant for a specified loc
ation. This equation has been solved for 
three special cases: a) pure drainage CR = 
0), yielding the half-life, T 1/2.... = In(2)/kd; 
b) constant rainfall intensity (R = 10 ), 10 

which Z approaches an equilibrium value, 
Io/kd' if the rainfall duration exceeds sev
eral half-lives; and c) the idealized burst 

A 

(Fig. 5b) where the peak response, Z, may be 
approximated by equation (15): 

A R t 
Z = -----

1 +CkdTd 
where R t and T d are the total rainfall and 
the duration, respectively, for the burst, 
and where C = 0.48. 

7. Using an hourly rainfall record and a 
simple numerical algorithm, the leaky-barrel 

model may also be used to simulate the piezo
metric response of a hillslope to an actual 
rainstorm. Such simulations indicate that 
slopes with significantly different values 
of the drainage coefficient may exhibit mark
edly different responses to the same rain
storm (Fig. 6). 

8. The piezometric response measured on a 
hillslope near La Honda, California, during 
the storm sequence of February 12-20, 1986, 
is simulated fairly accurately by the leaky
barrel model (Fig. 7). The piezometric res
ponse to incident rainfall appears to be very 
fast, at least at shallow depths (60 cm). 

9. The leaky-barrel model may be combined 
with a slope-stability analysis to estimate a 
critical rainfall threshold for the initiat
ion of slope instability at a specified site 
using equation (17): 

10. Further work is needed to extend this 
theoretical framework to the point that reg
ional rainfall/debris-flow thresholds may be 
estimated reliably. Such a study could 
greatly increase the temporal and spatial re
solution of our forecasts, thereby improving 
our ability to issue timely warnings of 
debris-flow hazards to specific communities. 
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ABSTRACT 

Earthquakes are a major cause of landslides in arid and semi-arid en
vironments as well as in more humid regions. This paper discusses the 
types and abundance of earthquake-generated landslides; relations between 
the areal extent, concentration, and total volume of landslides and such 
seismic parameters as magnitude and shaking intensity; and the geologic, 
hydrologic, and topographic conditions that render slopes susceptible to 
failure during seismic shaking. Discussion of these questions is based on 
study of a worldwide sample of historical earthquakes and development of 
regional-scale, numerical slope-stability models. Fourteen types of land
slides have been identified from the study of historical earthquakes. 
Thirteen of these types have been reported from arid or semi-arid regions; 
the most abundant of these are rock falls and rock slides, which are fast
moving, highly to very highly disrupted, typically shallow, and can involve 
materials containing little or no water. 

The maximum area likely to be affected by landslides in an earthquake 
correlates well with magnitude, M. The area increases from zero at about 
M = 4.0 to about 500,000 square kilometers at M = 9.2. Similar correl
ations relate magnitude and maximum distance of landslides from a fault 
rupture. Some types of landslides occur more than 400 km from the fault 
rupture of an earthquake with M greater than 9. Landslide concentrations, 
however, are greatest close to fault ruptures and decrease with increasing 
distance. Good correlations exist between M or seismic moment and the 
total volume of landslides produced by an earthquake. 

A method has been developed to predict the areal extent of landsliding 
in an earthquake of given magnitude. The method is based on the Newmark 
seismic slope-stability analysis, on the magnitude-distance data from his
torical earthquakes, and on correlations between magnitude, distance, and a 
quantitative measure of the shaking intensity. The method can be used to 
predict, at any level of probability, the areal extent of landslides in 
each of three main categories in an earthquake of any magnitude. 

The actual distribution of earthquake-induced landslides within the 
areal limits is determined largely by geologic, hydrologic, and topographic 
conditions. A suite of geologic environments has been identified for each 
type of earthquake-induced landslide. These environments range from over
hanging slopes in dry, well-indurated rock to virtually level ground under
lain by saturated, low-density, cohesionless sediments. Those materials 
identified as the most susceptible to landslide generation include weakly 
cemented, highly weathered, or closely fractured rock; slightly cemented, 
coarse alluvium; saturated volcanic soils containing sensitive (thixotrop
ic) ash; loess; uncemented alluvial sands or silts with near-surface water 
tables; certain types of colluvial soils; and low-density man-made fills. 



INTRODUCTION 

Seismic shaking is one of the main trig
gering agents for landslides. Such shaking 
may be particularly important to landslide 
generation in arid and semi-arid regions 
where other major triggering agents, which 
involve surface or subsurface water, are re
stricted in their distribution and effective
ness. Earthquakes commonly initiate land
slides in materials containing little or no 
water; large earthquakes can produce thous
ands of such landslides. In parts of arid 
and semi-arid regions where slope materials 
are wet due to recent rainfall, snowmelt, 
streamflow, or shallow water tables, earth
quakes can produce an even wider variety 
of landslides than in drier materials. 

Whether a particular slope produces a 
landslide during an earthquake depends on the 
local ground-motion characteristics and sev
eral slope properties including inclination, 
locations of potential failure surfaces or 
zones, porewater pressure distribution, mat
erial strength, and material stress-strain 
relations. For slopes where these properties 
ha ve been measured, or can be inferred, the 
potential for landslide generation can be 
estimated using appropriate, site-specific, 
engineering analyses such as those described 
by Newmark (1965), Sitar and Clough (1983), 
and the National Research Council (1985) for 
example. The application of these analyses 
is limited, however, by the complexity of 
conditions at many landslide localities, by a 
lack of suitable data, or both. In addition, 
moderate- to large-magnitude earthquakes com
monly initiate numerous landslides over large 
areas with variable topography, geology, and 
ground-motion characteristics. Thus, for a 
given earthquake or a given seismically act
ive region, additional questions exist con
cerning the types, numbers, geologic environ
ments, and distribution of seismically 
induced landslides. Here, we present some 
answers to these questions based on observ
ations of landslides in historical earth
quakes and on regional-scale numerical models 
of seismic slope stability. The historical 
earthquakes, 42 events with M greater than 5 
(Table 1), were chosen to sample many 
climatic and geologic settings in major 
seismic regions. Included in the study were 
17 earthquakes that caused landslides predom
inantly in arid or semi-arid environments. 
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Data on earthquakes with M less than 5 were 
also studied, using intensity reports from 
several hundred United States earthquakes. 

This paper is divided into four main 
sections. In the first we classify and 
describe the types of landslides produced by 
earthquakes and discuss their abundance. In 
the second we present several relations 
between earthquake magnitude, seismic moment, 
or shaking intensity and the areal extent, 
concentration, or total volume of landslides. 
In the third section we describe a 
pro ba bilistic method for predicting the areal 
limits of landsliding. In the final section 
we discuss types of slopes that are most 
likely to generate the various types of 
earthquake-ind uced landslides. 

EARTHQU AKE-INDUCED LANDSLIDES 

Classifica tion and Description 

Earthquake-ind uced landslides are classif
ied into 14 types and grouped into 3 main 
categories (Table 2) using the principles and 
terminology of Varnes (1978) as applied by 
Keefer (1984a). In this classification, the 
term "landslide" is used to encompass all 
phenomena involving lateral and downslope 
mass movement and is synonymous with the term 
"slope movement" as used by Varnes (1978). 
Primary criteria used to classify landslides 
are material, mechanism of movement, and 
amount of internal disruption; secondary 
criteria are water content, velocity, depth, 
and geologic environment. 

Material is classified as either "rock" or 
"soil". Rock is firm bedrock, intact prior 
to landslide initiation. "Soil" is uncement
ed or slightly cemented aggregate of mineral 
grains, with or without organic material. 
The term "soil" thus encompasses the entire 
regolith and all uncemented man-made fills . 
The boundary between "slightly cemented" 
soil and rock is gradational, and some 
slightly cemented soils form steep slopes 
tens of meters high. Varnes (1978) distin
guished between fine-grained soil, in which 
a t least 80% of the particles have diameters 
less than 2 mm, called "earth," and coarser 
soil, called "debris." Except for "slow 
earth flows" (Table 2), we do not make that 
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HISTORICAL EARTHQUAKES IN WHICH LANDSLIDES WERE STUDIED 

Earthquake Date Magnitude Focal Estimated 
depth total number 
(km) of reported 

landslides 

New Madrid, Missouri, USA 16 Dec 1811 7.5-
103_104 23 Jan 1812 7.3-

7 Feb 1812 7.8-

2 Charleston, S. Carolina, USA 1 Sep 1886 6.8 102_103 

3 San Francisco, Cal., USA 18 Apr 1906 7.91\ < 20 > 104 

*4 Kansu (Haiyun), China 16 Dec 1920 7.81\ 25 7 x 102 

5 Bihar, India-Nepal 15 Jan 1934 8.V 15 104_105 

*6 Imperial Valley, Cal., USA 19 May 1940 7.1 16 102_103 

7 Vancouver Island, Canada 23 Jun 1946 7.2-7.3 30 102_103 

8 Fukui, Japan 28 Jun 1948 7.25-7.3# 14-33 102_104 

9 Puget Sound, Wash., USA 13 Apr 1949 7.0 70 10 1_102 

*10 Khait, U.S.S.R. 10 Jul 1949 7.6 20-28 102_103 

11 Assam, India 15 Aug 1950 8.61\ 14 > 104 

*12 Daly City, Calif., USA 22 Mar 1957 5.3** 7-11 2 x 101 

13 Southeast Alaska, USA 10 Jul 1958 7.Y 15 103_104 

14 Hebgen Lake, Mont., USA 18 Aug 1959 7.1# 10-12 102_104 

15 Chile 22 May 1960 9.51\ < 70 103_104 

16 Alaska, USA 28 Mar 1964 9.21\ 20-50 > 104 

17 Niigata, Japan 16 Jun 1964 7.3 40 102_104 

18 Puget Sound, Wash., USA 29 Apr 1965 6.5 58-63 10 1_1 02 

*19 Parkfield-Cholame, Ca., USA 28 Jun 1966 6.2 4-10 102_103 

20 Inangahua, New Zealand 23 May 1968 7.1 12-21 102_103 

21 Peru 31 May 1970 7.91\ 35-43 103_105 

22 Madang, Papua New Guinea 31 Oct 1970 7.1 41 103_104 

*23 San Fernando, Cal., USA 9 Feb 1971 6.5 8-13 103_104 
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Earthquake Date Magnitude Focal Estimated 
depth total number 
(km) of reported 

landslides 

24 Honomu, Hawaii, USA 26 Apr 1973 6.1 41-50 10 1-103 

*25 Indus-Kohistan, Pakistan 28 Dec 1974 6.2 12 103-104 

26 Kilauea, Hawaii, USA 29 Nov 1975 7.1 5 102-103 

27 Guatemala 4 Feb 1976 7.5 5 5 x 104 

*28 Khulm, Afghanistan 19 Mar 1976 5.5 33-77 101-103 

29 Friuli, Italy 6 May 1976 6.3-6.5 8-26 103-104 

30 Darien, Panama II Jul 1976 7.0 3 2 x 104 

31 Tangshan, China 27 Jul 1976 7.5" 12-16 103-104 

*32 Khurgu, Iran 21 Mar 1977 6.9 29 102-103 

*33 San Juan Prov., Argentina 23 Nov 1977 7.4 17 2 x 104 

34 Izu-Oshima Kinkai, Japan 14 Jan 1978 6.8 4 8 x 102 

35 Miyagi-ken-oki, Japan 12 Jun 1978 7.4 30 103-104 

*36 Santa Barbara, Cal., USA 13 Aug 1978 5.6 13 101-102 

*37 Homestead Valley, Cal., USA 15 Mar 1979 5.2** < 4 101-102 

*38 Coyote Lake, Cal., USA 6 Aug 1979 5.4 10 10 1-102 

*39 Mount Diablo, Cal., USA 24 Jan 1980 5.8 8 1 x 102 

*40 Mammoth Lakes, Cal., USA 25 May 1980 6.1 8 5 x 103 

*41 Coalinga, Cal., USA 2 May 1983 6.5 10 1 x 104 

*42 Borah Peak, Idaho, USA 28 Oct 1983 7.3 16 102-103 

Notes: date is Greenwich Mean Time; 
magnitude is Richter surface-wave magnitude (Ms) unless otherwise noted. 

" Moment magnitude (Mw) determined by Kanamori (1977). 
* Most landslides in arid or semi-arid regions, 

where annual precipitation is less than 500 mm/yr. 
- Ms determined from relationships between magnitude and attenuation of 

Modified Mercalli Intensity and particle velocity. 
# Method of magnitude determination not reported. 

** Richter local magnitude (ML). 
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distinction owing to lack of grain-size data 
for most reported earthquake-induced land
slides. Mechanisms of movement, explained in 
more detail below and in Table 2, include 
falling, sliding on a basal shear surface, 
lateral spreading on a fluidized zone, and 
fluid-like flow. 

Landslides belonging to Category I (see 
Table 2) are all highly or very highly dis
rupted; the moving masses consist of a myriad 
of boulders, smaller rock fragments, small 
blocks of soil, and (or) individual soil 
grains (Fig. 1). Rock falls and soil falls 
move by falling, bouncing, and rolling; rock 
slides and soil slides by translational slid
ing on discrete basal shear surfaces; and 
rock avalanches and soil avalanches by 
complex mechanisms involving both sliding and 
fluid-like flow. 

Category I landslides typically originate 
on steep slopes and travel at velocities of 
several m/hr to more than 100 km/hr. All 6 
types of Category I landslides can initiate 
in dry materials. Except for rock a valanch
es, most of these landslides are less than 
a bou t 3 meters deep. 

In historical earthquakes rock avalanches 
(Fig. 2) have been the most destructive of 
the Category I landslides (Keefer, 1984a). 
They initiate where masses of rock larger 
than about 500,000 cubic meters fall or slide 
from steep, high slopes and then disintegrate 
into fast-moving streams of rock fragments 
that typically entrain water, glacial ice, 
and (or) soil. The destructive potential of 
rock avalanches derives from their large 
volumes and their ability to transport mater
ial long distances at extremely rapid velo
cities. Such a rock-avalanche at Nevados 
Huascaran, Peru, triggered by an earthquake 
on 31 May 1970 (event 21 in Table 1), 
transported more than 50 million cubic 
meters of material 16 km at an estimated 
a verage velocity of 280 km/hr. At least 
18,000 people were killed (Plafker and 
others, 1971; Plafker and Ericksen, 1978). 

Category II landslides move primarily by 
sliding on discrete basal shear surfaces. 
Movement of rock slumps and soil slumps 
involves a significant component of head ward 
rotation (Table 2; Fig. 3); movement of rock 
block slides, soil block slides, and slow 

Figure 1: Rock fall triggered by 1983 Borah 
Peak, Idaho earthquake (event 42 in Table 1) 
shows typical rock fall morphology and 
setting. Rockfall source at top of slope. 
Deposit consists of large boulder at base of 
slope and smaller boulders and rock debris 
strewn over light-toned area between there 
and source. Note author standing to left of 
boulder for scale. 

Figure 2 [opposite]: Oblique aerial view of 
prehistoric Blackhawk rock avalanche located 
in Lucerne Valley of southern California. 
The triggering mechanism of this rock a val
anche is uncertain, but may have involved 
seismic shaking. Rock avalanches such as 
this have caused su bstan tial damage and loss 
of life in historical earth quakes. The 
loba te rock-avalanche deposit is approxima te
ly 8 km long and 3 km wide and contains 
approximately 300 million cubic meters of 
material (Shreve, 1968). Raised distal rim 
15 to 30 m high. (Photograph by J. S. 
Shelton; published with permission.) 



earth flows is translational (Table 2; Fig. 
4). These landslides are more coheren t than 
Category I landslides and consist of one or 
a few moving blocks, each of which initially 
ma y be li ttle deformed except for localized 
fissuring. With continued movement, however, 
the blocks can break down progressively and 
generate more disrupted landslides such as 
rock avalanches or rapid soil flows. The 
category II landslides typically originate on 
moderately steep slopes, are deeper than 3 m, 
and move at velocities of a few meters per 
hour or less. 

Category III landslides, soil lateral 
spreads, rapid soil flows, and subaqueous 
landslides, are those in which the predomin
ant mechanism of movement is fluid-like flow. 
In lateral spreads (Fig. 5), blocks of soil 
move in a translational manner on basal zones 
of liquefied gravel, sand, or silt, or oc
casionally on sensItIve (i.e. thixotropic, 
or quick) clay rendered fluid by disturbance. 
The surficial blocks are typically disrupted 
by internal fissures and separated by grabens 
which may be partly filled with liquefied 
material. These landslides commonly origin
ate and move on gentle slopes at velocities 
of several meters to several kilometers per 
hour. Rapid soil flows are more completely 
fluidized than lateral spreads and can trans
port material several kilometers at veloc
ities of tens or hundreds of kilometers per 
hour, even on gentle slopes. In a manner 
similar to rock avalanches, this capability 
makes rapid soil flows particularly hazard
ous. Such flows involving loess caused most 
of the estimated 240,000 deaths during the 
1920 Kansu Province, China earthquake (event 
4 in Table 1; Wang and Xu, 1984), and loess 
flows near Khait, U.S.S.R. killed an estim
ated 15,000 people during an earthquake 
sequence in 1949 (event 10 in Table 1; A. M. 
Sarna-Wojcicki, 1980, oral commun.). Both 
of these earthquakes affected predominantly 
arid or semi-arid regions. Some observ
a tions suggest that the loess flows in Kansu 
Province may have involved dry materials 
(Close and McCormick, .1922) but, with this 
possible exception, reporte'd earthquake
induced soil flow.s have involved very wet 
materials. 

Category III also includes all landslides 
that originate under water, most of which are 
complex and involve elements of slumping, 
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Figure 3: Idealized soil slump, consisting 
of a single coherent block, showing movement 
with significant head ward rotation on curved 
basal shear surface. (Adapted from Varnes, 
1978; published with permission.) 

Figure 4: Idealized rock block slide, con
sisting of single coherent block, showing 
translational movement on planar basal shear 
surface. 

5: Idealized soil lateral spread, 
translational movement on liquefied 
several blocks separated by internal 

Figure 
showing 
zone of 
fissures 
extruded 
landslide 
published 

and grabens. Liquefied material 
onto ground surface at and near 
toe. (Adapted from Varnes, 1978; 
with permission.) 
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CHARACTERISTICS OF EARTHQUAKE-INDUCED LANDSLIDES 

Name 
Type of movement 

Category I 

Rock falls 
bouncing, rolling, 
free falling 

Rock slides 
transla tional 
sliding on basal 
shear surface 

Rock avalanches 

Internal 
disruption 

1) 

Water Content 
moist very 

dry wet wet 
2) 

Velocity 
3) 

Falls, disrupted slides, and avalanches: 
highly to very highly disrupted internally, fast-moving, 

generally shallow, dislodged from steep slopes. 

high or 
very high 

high 

x x x 

x x x 

extremely 
rapid 

rapid to 
extremely 
rapid 

complex, involving very high x x x x extremely 
rapid sliding and/or flow as 

stream of rock fragments 

Soil falls 
bouncing, rolling, 
free falling 

Soil slides 
translational sliding 
on basal shear surface 
or zone of weakened, 
sensi ti ve clay 

Soil avalanches 
transla tional slid
ing; subsidiary flow. 

Notes: 

high or 
very high 

high 

very high 

x x x 

x x x 

x x x 

extremely 
rapid 

moderate 
to rapid 

very rapid 
to extremely 
rapid 

Depth 
4) 

shallow 

shallow 

deep 

shallow 

shallow 

shallow 

1) Slight, landslide consisting of one or a few coherent blocks; moderate, 
landslide consisting of several coherent blocks; high, landslide consisting of numerous 
small blocks and individual soil grains and rock fragments; very high, landslide almost 
completely disaggregated into individual soil grains or small rock fragments. 

2) Dry, no visible moisture; moist, some water but no free water and may behave as 
a plastic solid but not a liquid; wet, contains enough water to act in part as a liquid, 
has water flowing from it, or supports significant bodies of standing water; very wet, 
contains enough water to flow as a liquid under low gradients (terms from Varnes, 1978). 

3) Extremely slow, less than 0.6 m/yr; very slow, between 0.6 and 1.5 m/yr; slow, 
between 1.5 m/yr and 1.5 m/mo; moderate, between 1.5 m/mo and 1.5 mid; rapid, between 1.5 
mid and 0.3 m/min; very rapid, between 0.3 m/min and 3 m/s; extremely rapid, more than 3 
m/s (terms from Varnes, 1978). 

4) Shallow, generally less than 3 m; deep, generally more than 3 m. 
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Name 

Type of movement Internal 
disruption 

1) 

Water Content 
moist 

dry 
very 

wet wet 
2) 

Velocity 
3) 

Slumps. block slides. and slow earth flows: 

Depth 
4) 

Category II relatively coherent slides. slower moving than Category I landslides 
generally deep-seated. dislodged from moderate to steep slopes. 

Rock slumps 
sliding on basal 
shear surface; 
componen t of 
head ward rotation 

Rock block slides 
translational slid
ing on basal shear 
surface 

Soil slumps 
sliding on basal 
shear surface; 
componen t of 
head ward rota tion 

Soil block slides 
transla tiona I slid
ing on basal shear 
surface 

Slow earth flows 
transla tional slid
ing on basal shear 
surface; minor 
in ternal flow 

slight or 
moderate 

slight or 
moderate 

slight or 
moderate 

slight or 
moderate 

slight 

? x x 

? x x 

x x x 

? ? x 

x x 

Lateral spreads and flows: 

slow to 
rapid 

slow to 
rapid 

slow to 
rapid 

slow to 
very rapid 

very slow 
to modera te, 
with very 
rapid surges 

Category III landslides involving significant component of fluid flow. 
fast-moving. dislodged from gentle to moderately steep slopes. 

Soil lateral spreads 
translation on basal 
zone of liquefied 
gra vel, sand, or 
sil t or weakened, 
sensitive clay 

Rapid soil flows 
flow 

Subaqueous landslides 
complex, involving 
sl umping, lateral 
spreading, and 
(or) flow. 

generally 
moderate 
occasionally 
slight or high 

very high 

generally 
high or very 
high; occasionally 
moderate 

x 

? ? ? x 

x x 

very rapid 

very rapid 
to extremely 
rapid 

rapid to 
extremely 
rapid 

deep 

deep 

deep 

deep 

variable 

variable 

shallow 

deep 
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Table 3: 

RELATIVE ABUNDANCE OF EARTHQUAKE-INDUCED LANDSLIDES 

Very 
Abundant 

Abundant 

Moderately 
Common 

Uncommon 

In all 42 historical 
earthquakes 

(more than 100,000) 

Rock falls 
Soil slides 
Rock slides 

(10,000 to 100,000) 

Soil lateral spreads 
Soil slumps 
Soil block slides 
Soil avalanches 

(1,000 to 10,000) 

Soil falls 
Rapid soil flows 
Rock slumps 

(100 to 1,000) 

Subaqueous landslides 
Slow earth flows 
Rock block slides 
Rock avalanches 

lateral spreading and (or) flow. 

Abundance 

Keefer (1984a) estimated the number of 
landslides of each of the 14 types in events 
1 through 40 in Table 1, and we have made 
additional estimates of this nature for 
even ts 41 and 42. Sources of inf orma tion on 
the earthquakes include published reports for 
all events, unpublished data from other 
investigators for events 9, 10, 16, 18, 24, 
26, 27, and 30, and our own field studies in 
areas affected by events 1, 3, 12, 24, 26, 
27, 33-36, and 38-42. Published reports for 

In 17 earthquakes in arid 
and semi-arid regions 

(more than 10,000) 

Rock falls 
Rock slides 

(2,000 to 10,000) 

Soil slumps 
Soil falls 
Soil block slides 
Soil lateral spreads 

(100 to 2,000) 

Soil slides 
Rapid soil flows 
Rock slumps 
Soil avalanches 

(1 to 100) 

Rock block slides 
Rock avalanches 
Slow earth flows 

events 1 through 40 were listed by Keefer and 
Tannaci (1981), and more recent studies of 
landslides in these earthquakes are reported 
by Keefer (1983; events 9 and 18), Harp and 
others (1984; event 40), Wang and Xu (1984; 
event 4), Jibson (1985, event 1), and Wilson 
and others (1985; event 39). Keefer and 
others (1984) and Harp and Keefer (in press) 
discuss landslides triggered by even t 41; 
Keefer and others (1985) and Youd and others 
(1985) discuss landslides in event 42. 

From estimates made for individual earth
quakes, the total number of landslides of 
each type was determined and the landslides 
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Figure 6: Area affected by landslides in earthquakes of different magni
tudes. Numbers beside data points are earthquakes listed in Table L Dots 
are onshore events; x's offshore events. Area for event 41 determined by 
Harp and Keefer (in press), for event 42 by Keefer and others (1985), for 
event 20 by Adams (1980), and for event 30 by N. C. Garwood (written com
munication, 1981). Other numbered. data points from Keefer (1984a). 
Squares are areas of landsliding in earthquakes not listed in Table 1 de
termined by other investigators: NG is 20 Sept. 1935 New Guinea earthquake 
(Simonett, 1967); BU is 16 June 1929 Buller, New Zealand earthquake (Adams, 
1980); AR is 9 March 1929 Arthur's Pass, New Zealand earthquake (Adams, 
1980): Solid line is approximate upper bound enclosing all data (from 
Keefer, 1984a). Dashed line is log-linear mean through data (Eq. 1). 

ranked in order of relative abundance (Table 
3). Earthquakes in which most landslides 
occurred in arid or semi-arid regions, where 
ann ual precipi ta tion is less than 500 mm/yr, 

are identified with asterisks (*) in Table 1; 
relative abundances of the various types of 
landslides in those earthquakes are ranked 
separately in Table 3. The order of magni-
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Figure 7: Maximum distance from fault-rupture zone to landslides in each main category ln 
earthquakes of different magnitudes. Numbers beside data points are earthquakes in Table 1. 
Data for events 39 and 40 modified from Keefer (1984a) to account for revised fault-rupture 
zone definitions as discussed below in section entitled "Landslide Concentration and Distance 
from the Fault Rupture." Distances in event 41 determined from data in Harp and Keefer (in 
press) and in event 42 from data in Keefer and others (1985). Other data points from Keefer 
(1984a). A: Maximum distance from fault-rupture zones to Category I landslides. Solid line 
is approximate upper bound enclosing all data (from Keefer, 1984a). B: Maximum distance from 
fault-rupture zones to Category II landslides. Solid line is approximate upper bound enclos
ing all data (from Keefer, 1984a). C: Maximum distance from fault-rupture zones to Category 
III landslides. Solid line is approximate upper bound enclosing all data (from Keefer, 
1984a). D: Comparison of upper bounds from A, B, and C. Dashed line is bound for Category I 
landslides, dash-double-dot line is bound for Category II landslides, and dotted line is 
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tude ranges in numbers of landslides repor
ted in Table 3 account for the uncertain ties 
in the methods used. 

No subaqueous landslides occurred in arid 
or semi-arid areas, and soil slides and soil 
avalanches were less abundant and soil falls 
more a bundan t in those areas compared to the 
entire data set (Table 3). With these excep
tions, however, the relative abundances of 
landslides in arid and semi-arid regions are 
about the same as for the data set as a 
whole. Throughout the entire range of 
climatic settings, the most abundant earth
quake-induced landslides are shallow, highly 
to very highly disrupted landslides classi
fied in Category 1. 

The greater rela ti ve a bundance of soil 
falls in arid and semi-arid regions is prob
ably due to their occurrence along banks of 
dry streams; the lower relative abundance of 
soil slides and avalanches is due to the lack 
of saturated volcanic ash deposits, which 
produce many of these landslides in more 
humid regions. The comparatively small total 
number of landslides in arid and semi-arid 
regions (Table 3) is an artifact of the 
lack of data from great earthquakes (M 
greater than 8) in arid or semi-arid regions. 

RELATIONS BETWEEN MAGNITUDE, 
SEISMIC MOMENT, OR SHAKING 
INTENSITY AND LANDSLIDE 
OCCURRENCE 

Relations between earthquake magnitude, 
seismic moment, or shaking intensity, and 
landslide occurrence were studied using data 
from the 42 historical earthquakes in Table 1 
and from intensity reports on approximately 
300 earthquakes that occurred in the United 
States from 1958 to 1977 inclusive. These 
combined data were used to determine: (1) a 
relation between earthquake magnitude and 
area affected by landslides, (2) the re
lations between magnitude and maximum 
distance of landslides in each main category 
from the earthquake source, (3) the dis
tribution of landslides as a function of 
distance from the earthquake source, (4) the 
relations between magnitude or seismic moment 
and volume of landslide material or denud
ation, and (5) the minimum Modified Mercalli 
Intensity (MMJ) at which landslides in each 
category occurred. 
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Magnitude and Area of Lallldsliding 

Data from 34 of the 42 earthquakes listed 
in Table 1 and from 3 additional events stud
ied by other investigators (Simonett, 1967; 
Adams, 1980) were complete enough to deter
mine areas affected by landslides (Fig. 6). 
Each area was measured by drawing a boundary 
around all reported landslide localities; not 
all slopes within these areas produced land
slides, and zones with many landslides were 
commonly interspersed with zones having few 
or none. Data from arid and semi-arid re
gions are evidently not significantly differ
ent from the data for more humid regions; of 
the 12 events from arid or semi-arid regions 
plotted on figure 6, 5 data points are on or 
near the upper bound, 4 are on or near the 
lower margin of the data field, and 3 are 
near the middle of the field. 

The areas plotted in Fig. 6 correlate well 
with earthquake magnitude. An approximate 
upper bound is drawn to the data set. The 
upper bound is curved to approach an area of 
A = 0 at about M = 4.0 because the intensity 
data suggest that landslides seldom if ever 
are caused by events with M less than 4. 
The upper bound is drawn to pass above the 
data point for the 1964 Alaska earthquake 
(event 16) because this event was centered 
offshore and, thus, approximately half of the 
potentially affected area was not open to ob
servation. The data can be approximated well 
by a log-linear mean, ex.pressed by the 
equation: 

log A = M - 3.46(± 0.47) (1) 

for 5.5 < M ~ 9.2, where the area, A, is in 
square kilometers. This equation is plotted 
as a dashed line on figure 6. 

Magnitude and Maximum Distance of Land
slides from the Earthquake Fault Rupture 

Maximum distances of landslides in each of 
the 3 main categories from the fault ruptures 
of the historical events were also determined 
(Fig. 7). Criteria for delineating fault 
ruptures are discussed by Keefer (1984a; 
1985); for most events, surface faulting, 
and (or) aftershock hypocenters during the 
first 24 hours after the main shock were used 
to define the fault-rupture planes. Distance 
measurements were made from landslide local-
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hies to the nearest point, whether surface 
or .subsurface, on the fault-rupture plane. 
Approximate upper-bounds are drawn for these 
data, curved to approach distances of zero 
at the magnitudes of the smallest events 
that caused landslides in each category 

according to the in tensi ty reports. Com
parison of the 3 upper bounds (Fig. 7d) and 
of data from the individual events shows that 
Category I landslides are triggered out to 
grea ter distances than Category II land
slides, which in turn occur out to greater 
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Table 4: 

TOTAL LANDSLIDE VOLUMES, AREAS AFFECTED AND DENUDATION 

Earthquake 
(year) Magnitude 

15 Chile (1960) 9.5 

11 Assam, India 8.6 
(1950) 

21 Peru (1970) 7.9 

NG New Guinea 7.9 
(1935) 

BU Buller, New 7.6 
Zealand (1929) 

27 Guatemala 7.5 
(1976) 

20 Inangahua, New 7.1 
Zealand (1968) 

22 New Guinea 7.1 
(1970) 

30 Panama (1976) 7.0 

AR Arthur's Pass, 6.9 
New Zealand 
(1929) 

40 Mammoth Lakes9 6.1 
1984; 

Calif. (1980) 

39 Mt. Diablo, 5.8 
Calif. (1980) 

12 Daly City, 5.3 
Calif. (1957) 

Estimated 
total volume 
of landslide 
material 

(cubic m) 

4.7 x 1010 

1-2 x 108 

2.15 x 108 

5.8 x 10~-
2.3 x 10 

5.2 x 107 

5.9 x 107 

1.5 x 10~-
2.2 x 10 

6.7 x 104 

Area 
affected 
by land
slides 
(sq km) 

9,000* 

48,000 

30,000 

1,662 

6,000 

16,000 

1,300 

240* 

900 

820 

1,200 

500 

10 

Denudation 
(mean lowering of 
ground surf ace) = 

total volume/area 
(cm) 

Refs. 

5.5* 

98 

0.33-
0.66 

13 

21 

0.36-
1.4 

4.0 

12* 

14 

7.2 

1.0 

0.0003-
0.00044 

0.67 

Wright and Mella, 
1963; Veblen and 
AshtoJ!1, 1978 

Mathur, 1953 

Plafk(~r et aI., 
1971 

Simonett, 1967 

Adams, 1980 

Harpetal.1981, 
G.F. Wieczorek 
and R.W. Jibson, 
unpu blished da ta 

Adams, 1980 

Pain and Bowler, 
1973 

Garwood et al. 
1979; N. C. Garwood 
unpublished data 

Adams, 1980 

Harp et al., 

O.K. I(eefer, 
unpublished data 

Wilson et al., 
1985 

Bonilla, 1959; 
1960 

* Determined only for areas with the highest concentrations of landslides. 
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distances than landslides in Category III. 
As with the magnitude-area data (Fig. 6), no 
significant differences between data for 
arid or semi-arid regions and the data set as 
a whole are evident. 

Landslide Concentration and 
Distance from the Fault Rupture 

Figures 6 and 7 show measures of the areal 
limits of landslides in earthquakes but not 
of the concentration of landslides within the 
indicated limits. In order to investigate 
the variation of concentration of landslides 
with distance from the fault rupture, land
slide distributions were analyzed in 3 Cali
fornia earthquakes for which post-earthquake 
mapping of landslides was relatively complete 
-- 1980 Mt. Diablo (M = 5.8, event 39 in 
Table 1) 1980 Mammoth Lakes (Ms = 6.1, event 
40), and 1983 Coalinga (Ms = 6.5, event 41). 
For each earthquake the distance of each 
Category I landslide from the fault-rupture 
zone was measured, and the cumulative number 
of landslides closer to the fault-rupture 
zones than a given distance was determined 
and normalizedl to the distance of the far
thest landslide locality (Fig. 8). Only Cate
gory I landslides were used because they con
stituted more than 90% of the landslides in 
each event, and because landslides in other 
categories were: either incompletely mapped 
(Coalinga), or too few in number to yield a 
meaningful distribution (Mt. Diablo and Mam
moth Lakes). 

The forms of the curves in figure 8 are 
influenced by the choice of limits for the 
fault-rupture zones. The zone for the Mt. 
Diablo event is relatively well defined by 
discontinuous surface cracking and hypocen
ters of the main shock and aftershocks (Bon
illa and others, 1980; Bolt and others, 
1981; Wilson and others, 1985). However, 
the fault-rupture zones for the Coalinga and 
Mammoth Lakes earthquakes are complex and not 
unequivocally defined by the available data 
(Archuleta and others, 1982; Julian and 
Sipkin, 1984; Lide and Ryall, 1984; Eaton, in 
press). In the Mlammoth Lakes event, 4 "main" 
shocks of approximately equal magnitude oc
curr'ed (Ms = 5.8-6.1; ML = 6.0-6.3), and sEp 
probably took !place on more than one fault 
(Archuleta and others, 1982; Julian and Sip
kin, 1984; Lide and Ryall, 1984). For this 
event, we defined an idealized fault-rupture 
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Figure 9: Total estimated volume of land
slides triggered by earthquakes of diff eren t 
magnitudes. For sources of data, see Table 
4. Numbers and letters beside data points 
are earthquakes in Tables 1 and 4. Solid 
line is approximate upper bound enclosing all 
data; dashed where extrapolated to indicate 
uncertainty. Volumes for 1960 Chile (event 
15) and 1970 New Guinea (event 22) earth
quakes are minimum estimates; these data 
points were not used in calculating means. 
The dot-dash line is a linear-regression mean 
(Eq. 2a) calculated including data for 1980 
Mt. Diablo, California earthquake (event 39); 
the dotted line is a linear-regression mean 
(Eq. 2b) calculated excluding data from event 
39. 



plane as a line connecting the epicenters of 
the 4 largest shocks. Geometry of faulting 
in the Coalinga earthquake is also complex. 
The evidence favors a southwest-dipping 
thrust, but considerable aftershock activity 
also occurred in the upper plate above this 
thrust (Eaton, in press). Most aftershock 
h ypocen ters were 5 km or deeper (Eaton, in 
press), and we measured distances to a plane 
5 km deep whose areal extent was outlined by 
aftershock epicenters during the first 24 
hours after the main shock. The 5 km depth 
of the assumed fault-rupture zone explains 
why no landslides are shown closer than 5 km 
(I9% of farthest distance) for the Coalinga 
event in figure 8. 

The cumulative landslide-distance curves 
in figure 8 show that landslides were concen
trated relatively close to the fault rup
tures. The percentage of landslides that 
occurred within 50% of the farthest distance, 
for example, was 71 % for Coalinga, 85% for 
Mt. Diablo, and 99.9% for Mammoth Lakes. The 
Mammoth Lakes curve is greatly influenced by 
6 rock falls in Yosemite Valley, as far as 71 
km from the idealized fault-rupture plane 
(Wieczorek, 1981); the other 5,244 mapped 
landslides (Harp and others, 1984) were all 
within 23 km of this plane. However, even if 
the Yosemite Valley landslides are disregard
ed and the farthest distance taken as 23 km, 
61 % of the Mammoth Lakes landslides are 
within 50% (I1.5 km) of the farthest distance 
(Fig. 8). Except for the Mammoth Lakes curve 
beyond 23 km, the curves in figure 8 are 
smooth and thus indicate a generally gradual 
decrease in landslide concentration away from 
the fault ruptures. 

Magnitude, Volume of Landslides, 
and Denudation 

The vol time of rna terial moved downslope and 
the amount of denudation, or average lowering 
of the ground surface, are two measures of 
the geomorphic significance of earthquake
induced landslides. For 8 earthquakes in 
Table I and the 3 additional events included 
in figure 6, data were sufficient to estimate 
the total volume of the landslides, and for 2 
events in Table 1, I"andslide volume data were 
available for regions of high landslide 
concentration. Estimated landslide volumes 
from these 13 events are listed in Table 4 
and plotted in relation to magnitude in fig -
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.Figure 10: Total estimated volume of land
slides and seismic moment of earthquakes. 
Number and letter designation of data points 
as in Table 4. Line is plot of Eq. 4, dashed 
where extended on basis of limited data. 

ure 9. The total landslide volume correlates 
well with magnitude, and an approximate upper 
bound is drawn to the data set. A linear
regression line through the data (excluding 
events 15 and 22 for which volume data are 
incomplete) is expressed by the equation: 

10gV = 1.79(±0.3I)M - 5.06(±2.19) (2a) 

for 5.3 ~ M ~ 8.6, where the volume, V, is in 
cubic meters. The volum(~ of landslides 
caused by the 1980 Mt. Diablo, Calif., 
earthquake (event 39) appears anomalously 
small. This earthquake occurred in a region 
of gently rolling, grass covered hills, and 
most landslides were from man-made cuts and 
fills. Thus, the anomalously small total 
volume of landslides was probably due to the 
a bsence of susceptible slopes throughout most 
of the affected region. 

A second linear-regression line was cal
culated excluding data from this earthquake. 
This line, which probably better represents 
the magnitude-volume relation for areas with 
abundant susceptible slopes, is expressed by 
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the equation: 

logY = 1.44(±0.21)M - 2.34(±1.5) (2b) 

for 5.3 ~ M ~ 8.6. 

Amounts of denudation calculated from 
landslide volumes and affected areas are 
listed in Tabl(~ 4. The denudation, or aver
age surface lowering, of 98 cm associated 
with the 1950 Assam, India earthquake (event 
11) is particularly high, probably because 
the affected region contained exceptionally 
steep, high slopes mantled with deeply weath
ered materials and because the earthquake 
occurred during the monsoon season, when 
slope materials were saturated. For other 
earthquakes in Table 4 with magnitudes 
greater than 6.5, the denudation varies from 
about 0.33 to 21 cm. For the 3 smaller 
events in Tablle 4, denudation amounts are 
lower, ranging from about 0.0003 to 1.0 em. 
The particularly small amount of denudation 
in the 1980 l\1t. Diablo, Calif. earthquake 
(event 39) is probably due to the scarcity of 
susceptible slopes, as discussed above. 
Whereas these data thus show that denudation 
generally increases with increasing magni
tude, the considerable scatter in the data 
suggests that other factors, such as local 
geologic and topographic conditions, probab
ly influence the denudation more than does 
earthquake magnitude. 

Seismic Moment, Volume of Landslides, 
and Denudation 

Landslide volume data in Table 4 are plot
ted in relation to seismic moment in Fig. 
10. Statistical analysis shows a significant 
correlation between the total landslide vol
ume, V, and seismic moment, Mo: 

logY = 1.19(±0.20)logMo - 24.3(±5.2) (3) 

where V is in m3 and Mo in dyne-cm. The 
correlation co(!fficient, r 0.90, exceeds 
that value regarded as significant at the 5% 
level. The value of the slope coefficient of 
this regression, 1.19, suggests the possibil
ity of a linear rela.tionship between the 
seismic moment and total landslide volume, 

logY = logMo - 19.1(±0.93) (4) 

where the units for V and Mo are as in 
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ities at which landslides occurred in earth
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minimum intensity. The minimum intensities 
were determined by comparing the landslide 
distribution maps with isoseismal maps. 
A: Category I landslides. B: Category II 
landslides. C: Category III landslides. 



Equation (3) above. 

The seismic moment may be defined (e.g. 
Aki, 1967) as, 

where I-' is rigidity (dynamic shear modulus), 
u is average disloca tion of the fault, and S 
is the area of the ruptured fault surface. 
Hanks et al. (1975) stated that the seismic 
moment is a more consistent and physically 
meaningful measure of seismic source strength 
than magnitude (ML , Ms' or mb) or strain 
release. Kanamori (1977) noted that, if com
plete stress drop is assumed, then the seis
mic moment is linearly proportional to the 
strain energy released by the earthquake, 
W 0' that is, 

W = ~u M o - 0 
21-' 

where AU is the stress drop. Further, if 
the friction-al stress is equal to the final 
stress, then W 0 also represen ts the total 
seismic wave energy. Kanamori (1977) defined 
a new magni tude scale, Mw' such that, 

10gW 0 = 1.5Mw + 11.8 

where W 0 is expressed in dyne-cm, and Hanks 
and Kanamori (1979) restated the definition 
of Mw as, 

2 
Mw = 310gMo - 10.7 

where Mo is in dyne-cm. 

Of course, seismic moment is not the only 
influence on total landslide volume. Other 
factors include the local geologic, topo
graphic, and hydrologic conditions that con
trol the distribution of slopes susceptible 
to landslides and regional seismologic fac
tors such as the seismic attenuation and the 
focal depth of the source. Nevertheless, 
the influence of the seismic moment on the 
total volume of landslides is substantial. A 
linear relationship between seismic moment 
and landslide volume indicates that the ef
ficiency of conversion of seismic energy into 
displaced landslide material is relatively 
constant and independent of the size of the 
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earthquake, at least f~~ earthquakes with Mo 
greater than about 10 dyne-cm (Fig. 10). 

The denudation is the total volume of 
material displaced by landslides, V, divided 
by the area affected by landslides, A. Be
cause A is related to moment magnitude, 
thence to seismic moment, as 

2 
log A - Mw - "310gMo 

whereas the total landslide volume is evid
ently a linear function of seismic moment, 

log V - 10gMo' 

the denudation, Z, is also related to the 
seismic moment, but with a lower slope 
coefficient, 

I 
10gZ = log V - 10gA - "310gMo 

Therefore, the denudation should increase, 
albeit slowly, with increasing seismic 
moment. The data for denudation in Table 4 
confirm this general relationship, but the 
data are too scattered to provide significant 
regression coefficients. 

Landslides and Modified Mercalli 
Shaking Intensity 

Numerous intensity scales have been devis
ed to characterize the severity of earthquake 
shaking using human perce:ptions, movement 
of objects, shaking damage to engineering 
structures, landslides, and other ground 
failures. The Modified Mercalli Intensity 
(MMI) scale, proposed by Wood and Neumann 
(1931) and revised by Richter (1958), uses 
landslide-related criteria to help define 
certain levels of intensity. These criteria 
are employed in conjunction with others, 
and the in tensi ty assigned to a locality is 
based on a preponderance of evidence. Inten
sity data from different localities are then 
commonly smoothed to produce an isoseismal 
map showing contours of equal intensity. Ow
ing to the combination with other criteria 
and to the smoothing, landslide-related crit
eria are given relatively little weight in 
many isoseismal maps, and landslides are 
found in areas with intensities lower than 
specified on the scale. The possibility of 
such discrepancies was discussed by Richter 
(1958), who stated, for example, that large 
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earthquakes could cause slumps at intensities 
of MMI VI, although no landslide-related 
criteria appear on the scale at intensities 
less than MMI VII. 

To determine the lowest intensites for 
landslides according to the preponderance of 
evidence, isoseismal maps were compared to 
maps showing landslide distribution in all 
earthquakes listed in Table I for which data 
were adequate (Keefer, 1984a; Fig. 11). From 
these comparisons, the lowest intensity at 
which landslides in each main category were 
triggered in each earthquake was ascertained 
(Fig. 11). The predominant minimum intensity 
for Category I landslides was MMI VI, and the 
lowest intensity reported in any earthquake 
was MMI IV. The predominant minimum intens
ity for landslides in Categories II and III 
was MMI VII, and the lowest intensity re
ported was MMI V. Category I landslides, 
then, are triggered, on the average, atone 
intensity level lower than are other types of 
landslides. 

Comparison of figure 11 with criteria of 
Wood and Neumann (1931) and of Richter (1958) 
also suggests that landslides are actually 
triggered at intensities one to five levels 
lower than indicated on the Modified Mercalli 
scale. For example, "small slides and caving 
in along sand or gravel banks" (MMI VII) 
(Richter, 1958) indicate Category I land
slides (predominant minimum intensity = MMI 
VI, and lowest reported intensity = MMI IV). 
Conspicuous cracks and fissures (MMI VIII or 
greater) (Wood and Neumann, 1931; Richter, 
1958) suggest Category II landslides (predom
inant minimum intensity = MMI VII, and low
est reported intensity = MMI V). Shifting of 
sand and mud on flat land (MMI X; Wood and 
Neumann, 193 :Il ; Richter, 1958) suggests soil 
lateral spreads (Category III; predominant 
minimum interisity = MMI VII, and lowest 
reported in tensi ty = MMI V). 

LANDSLIDES, ARIAS INTENSITY, 
AND PROBABILISTIC PREDICTIONS 
OF AREAL LIMITS OF LAND
SLIDING IN AN EARTHQUAKE 

Wilson and Keefer (1985) found that land
sliding in an earthquake could be correlated 
with a more quantitative measure of seismic 
shaking intensity, the Arias intensity, 
which could in turn be correlated with earth-
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Figure 12: Demonstration of displacement 
calculation using the Newmark analysis. A: 
Strong-motion record (Parkfield, Station 2, 
1966, N65E, from event 19 in Table 1) with 
critical acceleration, ac 0.20 g, for 
hypothetical slope, superimposed. B: Veloc
ity of landslide block versus time. C: Dis
placemen t of landslide block versus time. 

quake magnitude and distance from the fault 
rupture. These correlations form the basis 
for a probabilistic method of predicting the 
areal limits of landslides in an earthquake 
of given magnitude. 

Arias intensity is proportional to the 
square of the ground acceleration integrated 
over time and has units of velocity. It is 
defined as (Arias. 1970): 

la == -Lfoo [a(t)]2 dt 
2g 0 

(5) 



where g is the acceleration of gravity and 
aCt) is the ground acceleration at time t. 
A unique Arias intensity value can be calcul
ated for any strong-motion record. Wilson 
and Keefer (1985) found from a statistical 
study of strong-motion records that la could 
be related probabilistically to the moment 
magnitude, Mw' and distance from the fault 
rupture, R, by the equation: 

logla = Mw - 210gR - 4.1 + O.50P (6a) 

for M ~ 7, where la is in m/sec and P is 
the probability (in probits) that the actual 
Arias intensity will exceed the predicted 
Arias intensity. Because the seismic source 
cannot be assumed to be self-similar (i.e. 
constant shape) for large events (M > 7) 
(Joyner, 1984), equation (6a) must be modi
fied for M greater than 7. Based on the work 
of Scholz (1982) and Joyner (1984) we propose 
to extrapolate equation (6a) as 

3 
logla = 4 Mw - 210gR - 2.35 + O.50P (6b) 

for M > 7. 

To relate Arias intensity to landslide oc
currence, two types of anal yses were used. 
Employed in the first is the dynamic, numer
ical slope-stability analysis developed by 
Newmark (1965). Details of the application 
of this analysis are given by Wilson and 
Keefer (1983). It provides a method of 
estimating how far a landslide, modelled as a 
rigid block, will move under given con
ditions of material shear strength, pore
water pressure, slope, and seismic shaking. 
The slope is represented in this analysis by 
a "critical acceleration," ac' determined as: 

a = (FS - 1) g sins c 

where FS is the factor of safety as determin
ed by a static slope-stability analysis, g is 
the acceleration of gravity, and s is the 
slope inclination. 

The critical acceleration, ac' represents 
the ground motion necessary to begin the 
process of slope failure but, because small 
irreversible displacements do not nec.essarily 
result in a landslide, or slope failure, of 
practical or engineering significance, the 
displacement of the potential landslide must 
be determined. This may be accomplished with 
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a technique that uses a record of ground 
acceleration versus time (i.e., a strong
Inotion record) to calculate the expected 
displacemen t of the landslide block. 

This process is illustratc;:d in figure 12. 
Figure 12A is the acceleration versus time 
plot of an actual strong-motion record. Sup
erposed on this strong-motion record is a 
horizontal line corresponding to the critical 
acceleration, ac' of a hypothetical slope. 
If the peak acceleration of the strong-motion 
record is less than the cri tical acceler
a tion for the hypothetical slope, then the 
displacemen t of the block would be zero and 
the slope would remain stable. However, if 
the peak acceleration does c::xceed the critic
al acceleration, the next step in the analy
sis is to integrate over time those portions 
of the strong-motion record where the ground 
acceleration, a, is greater than the critical 
acceleration, ac (Fig. 12a). 

The integration begins at point A (Fig. 
12a-c), where the ground acceleration first 
exceeds the critical accekration. To cal
culate the velocity of the block we integrate 
over time the part of the strong-motion rec
ord, AB, where a is greater than ac (Fig. 
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12b). At point B, the block reaches the max
imum velocity for this acceleration pulse . 
After point B, when the ground acceleration 
becomes less than the critical acceleration, 
the block is still in motion because of its 
inertia but now is decelerating due to fric
tional resistance on its base. Also, the 
ground acceleration may well reverse direc
tions and oppose the motion of the block, as 
at the end of the second pulse of block 
movement in figure 12. Eventually, the 
motion of the block will cease, and the block 
will come to rest at point C. In the final 
step of the analysis, the displacement of the 
block is calculated by integrating the vel
ocity of the block over time for each pulse 
of movement (Fig. 12c). 

By taking a strong-motion record and 
performing a series of Newmark analyses for 
a suite of values of ac ranging from zero to 
the peak acceleration of the record, a pre
dicted landslide displacement can be calcul
ated for each value of ac. By taking a value 
of ac that corresponds to some critical value 
of dIsplacement, judged to be associated with 
significant strength loss and therefore cata
strophic slope failure, a measure of seismic 
intensity directly related to slope failure 
can be derived. Using several lines of evid
ence including the brittleness of various 
failure mechanisms, the displacements likely 
to damage building foundations, and post
failure reduction in shear strength, (Wilson 
and Keefer, 1985) we chose critical displace
ment values of 2 cm for Category I landslides 
and 10 cm for Category II and III landslides. 
The corresponding values of ac' designated 
(ac)2 and (ac)IO' respectively, are taken as 
slope-stability related measures of seismic 
in tensity. (ac)2 and (ac) 1 0' in turn, can 

Figure 14 [left column]: Comparison of data 
on landslides in historical earthquakes with 
magnitude/distance relations for threshold 
Arias intensities for landslides in 3 main 
categories. Arias intensity lines' (labelled 
2%, 50%, 98%) are for exceedance probabilit
ies of 2%, 50%, and 98% respectively. Bold 
lines are upper bounds from Keefer (I984a) 
and from figure 7. Data points are from 
figure 7. A: Category I landslides. B: 
Category II landslides. C: Category III 
landslides. 
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Figure 15: Example of maps constructed using Arias intensity relations in 
figure 14. Maps show predicted limits of landslides in M = 6.5 earthquake 
on a vertical fault at various exceedance probabilities of 2%, 50%, and 98% 
based on Arias in tensi ty relations (Eq. 6) and predicted limi t based on 
historical magnitude-distance data from upper bound on figure 7. Dis
tances, R c' from fault (bold line) measured using Fig. 14 and M =: 6.5. A: 
Predicted limits of Category I landslides. B: Predicted limits of Category 
II landslides. C: Predicted limits of Category III landslides. 

be correlated with Arias intensity as shown 
in figure 13. 

The second analysis relating the Arias in
tensi ty to landslide occurrence in vol ves 
correlating the Arias intensity, magnitude, 
fault-rupture-distance relation (Eq. 6) with 
the magnitude, fault-rupture-distance data 

for the landslides in historical earthquakes 
(Fig. 7). We plotted equation 6 (using 6b 
for M > 7) for various values of la and P 
and determined statistical best fits to the 
historical data as shown in figure 14. These 
fi ts to the data indicate threshold la values 
of 0.11 m/sec for Category I landslides, 
0.32 m/sec for Category II landslides, and 
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0.54 m/sec for Category III landslides. Our 
regional numer ical models for predicting the 
areal extent of landsliding in an earthquake 
are thus based on these values of Arias in
tensity. The areal limits of landsliding can 
be estimated using Eq. 6 for any exceedance 
probability; for exceedance probabilities of 
50% (P = 0), 2% (P = +2), and 98% (P = -2), 
the distances can be measured using figure 
14. Examples of maps that illustrate such 
estimates are shown in figure 15. 

The data on magnitude versus the area 
affected by landslides in historical earth
quakes (Fig. 6 and Eq. 1) are consistent with 
the conclusions based on our Arias intensity 
analysis in that both show that 10gA is 
proportional to M. This relationship can be 
demonstrated for the Arias intensity analysis 
as follows: 

(l) Figure 15 shows the shape of the Arias 
intensity isoseismals predicted for a postul
ated earthquake. The area predicted with a 
given probability to be affected by land
slides is determined by a critical distance, 
R c' of the isoseismal from the seismic 
source. If the seismic source is assumed to 
be a vertical, strike-slip fault, which forms 
a linear source in map view (Fig. 15), the 
predicted area affected by landslides is the 
sum of the rectangular area defined by +/
Rc and the fault length, L, plus the two 
hemispherical areas, defined by the radius, 
Rc' at either end of the fault. Thus, the 
total area is 

A =1rRc 
2 

+ 2 Rc L • (7) 

(2) The value of Rc may be found by 
back-calculation from eqation (6) so that 

1 I 
10gRc = "2 Mw- "2 10gIa - 2.05 + 0.25P (8) 

(3) Estimating the value of the fault 
length, L, as a function of magnitude is a 
little more complicated. We note that L is 
the source length, and not the length of sur
face rupture. The simplest way to relate L 
to Mw is through the seismic moment, ]\10. 
For a circular source, L is twice the source 
radrus, r 0' where 

r - M 1/3 
o 0 

(Brune, 1970, 1971) 

if stress drop is independent of moment. 

Thus, 

However, 2 
M - -logM w 3 o· 

Therefore, 1 1 
10gL - 3" 10gMo - "2 Mw . 

(4) From Eq. 8 

so, 

and, 

(5) Therefore, because both terms in the 
sum of the areal components are proportional 
to the antilog of magnitude, 

log A - Mw . 

The area affected by landslides for a 
specified magnitude predicted by equation (1) 
from historical earthquake data is somewhat 
smaller than that which would be estimated 
from equation (7). That is because the form
er value is based on actual areas affected by 
landslides in historical earthquakes, while 
the latter value is the potential area that 
could be affected. The latter area, for 
example, takes no account of the distribution 
of susceptible slopes in the region, only the 
distance from the earthquake source. 

SUSCEPTIBILITY OF SLOPES 
TO EARTHQUAKE-INDUCED 
LANDSLIDES 

This section describes geologic materials 
and types of slopes that are most susceptible 
to various types of earthquake-induced land
slides as determined from observations in 
historical earthquakes. Several site spec
ific engineering analyses have also been 
developed to estimate seismic stability of 
individual slopes where the appropriate input 
parameters can be determined. The analyses 
most applicable to the three main categories 
of landslides are also summarized briefly or 
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Table 5: 

SUSCEPTIBILITY CRITERIA FOIl EARTHQUAKE-INDUCED 
ROCK FALLS AND ROCK SLIDES 

Cementation1) Weathering2) Fracturing3) SUSCEPTIBILITY 

Weak All categories Both categories VERY HIGH 

Moderate Intense Both Categories VERY HIGH 
Moderate Moderate Both Categories HIGH 
Moderate Slight Both Categories MODERATE 

Strong Intense Close VERY HIGH 
Strong Intense Wide HIGH 
Strong Moderate Close HIGH 
Strong Moderate Wide MODERATE 
Strong Slight Close MODERATE 
Strong Slight Wide LOW 

Notes: 
1) Weak: unweathered rock crumbles when disturbed and cannot be excavated as 

intact blocks even by hand trimming. Moderate: can be excavated without crumbl
ing but penetrated easily by point of pick or dented by hammer blow. Strong: 
well indurated, rings when struck with hamnler, and requires blasting for large-
scale exca va tion. 

2) -Slight: exposed rock surfaces fresh or slightly stained. Moderate: 
joints and other near-surface discontinuities open or contain infillings of weak 
chemical weathering products at least several millimeters thick. Intense: 
significant chemical and physical weathering throughout rock mass. 

3) Close: rock broken by at least two sets of joints or other fractures with 
average spacings of a few centimeters or less. Wide: all other conditions of 
fracturing. 

referenced below even though a detailed dis
cussion of these techniques, except for the 
Newmark analysis, is beyond the scope of the 
present study. 

Ca tegory I Landslides 

Category I landslides are particularly 
difficult to treat analytically because: 1) 
they typically initiate by a complex mechan
ism involving both tensile and shear failure; 
and 2) they typically originate on steep, 
rugged slopes where ground motion is locally 
amplified in' an unpredictible manner. In 
some cases, where the geometry is simple, the 

potential for occurrence of Category I land
slides may be estimated using finite element 
analyses methods (Sitar and Clough, 1983). 
These analyses can be usedl if the natural 
period of the slope, the input seismic 
ground motion, material strength, density, 
and dynamic stress-strain-strength relations 
are known. 

Rock Falls and Rock Slides: Rock falls and 
rock slides are the most abundant earth
quake-induced landslides in arid and semi
arid environments (Table 3). Data from the 
historical earthquakes suggests that material 
properties most clearly associated with the 
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degree of rock-fall and rock-slide occurrence 
are, in decreasing order of importance: 
strength of cementation, degree of wea ther
ing, and fracture spacing. Using these prop
erties, criteria were developed for the 
estimation of the relative susceptibility of 
slopes to thes(~ landslides (Table 5). These 
criteria are applicable to rock slopes ste(~p
er than about 35 degrees; slopes gentler than 
35 degrees are unlikely to generate land
slides of these types. 

Rock Avalalliches: Geologic and topographic 
criteria for recognIzIng likely sources of 
rock avalanches were presen ted by Keefer 
(1984b) from a study of the 100 rock aval
anches caused by earthquakes listed in Table 
1. Topographic data were available for 50 of 
the rock avalanche sources; all but one of 
these 50 rock avalanches originated on slopes 
undercut by active fluvial erosion, or active 
Holocene or late Pleistocene glacial erosion. 
Minimum source slope height and inclination 
were 150 m and 25 degrees, respectively. 

Geologic da ta were a vaila ble for twen ty
seven sources, and five geologic conditions 
were found to be associated with rock 
avalanche generation. These are: (1) closely 
spaced fractures, (2) moderate or intense 
weathering, (3) planes of weakness (bedding, 
foliation, faults, or master joints) dipping 
out of the source slope, (4) weak cement
ation, and (5) evidence of previous slope 
instability. Closely spaced fractures are 
present in nearly all sources, and most 
sources are also characterized by at least 
one of the other geologic conditions (2)-(5) 
above. 

Soil Falls: Soil falls are restricted to 
soils containing enough cementation or cohes
ion to stand on steep slopes. The gentlest 
slope reported to have generated a soil fall 
in the historical earthquakes in Table 1 was 
63 degrees, and many were near vertical. 
Almost all earthquake-induced soil falls or i
ginate on sea cliffs, artificial cut slopes, 
or alluvial channel banks. The materials 
most likely to produce these landslides in 
arid or semi-arid environments are slightly 
cemented, sandy to bouldery alluvial and 
terrace sediments. In more humid regions, 
the most common materials are boulderly 
residual soils and fine, mafic volcanic ashes 
as well as coarse alluvial and terrace 

sediments. 

Soil Slides and Soil Avalanches: In the 
earthquakes in Table 1, soil slides and 
a valanches were reported on slopes as gentle 
as about 15 degrees, but most originated on 
slopes steeper than about 25 degrees. In 
arid and semi-arid regions, the most likely 
source rna terials for these landslides are: 
(1) unsaturated, low-density, residual or 
colluvial soils conSIStIng primarily of 
non-plastic, silty or clayey sands; (2) dry 
and slightly cemented, clayey, silty, or 
sandy sediments; and (3) saturated, sandy, 
man-made fills. In more humid environments, 
soil slides and soil avalanches are generated 
most commonly in wet, intensely weathered 
volcanic materials consisting of: 1) sandy 
residual soils; or 2) interbedded coarse 
scorias and fine, sensitive ashes. In addit
ion, one earthquake in Table 1 (the 1970 
Peru event; 21) triggered numerous soil 
slides in wet, slightly cemented, glacial, 
glacio-fluvial, mudflow, and colluvial depos
its as well as in volcanic ash. 

Ca tegory II Landslides 

Category II landslides, which move pri
marily by sliding on bounding shear surfaces 
(Table 2), can be treated analytically using 
a limit equilibrium method of slope stability 
analysis; this is the type of slope failure 
that the Newmark analysis was originally de
veloped to treat (Newmark, 1965). Applic
ation of this analysis has been summarized 
above. Input parameters needed for applying 
the analysis to a particular slope are the 
shear strength parameters, c' and ~', of the 
material, the slope of the ground surface, 
the locations of potential basal shear sur
faces, the pore-water pressure distribution 
within the slope, and the expected seismic 
ground motion. 

Rock Slumps and Rock Block Slides: Slopes 
produce far fewer rock slumps and rock block 
slides than rock falls and rock slides during 
seismic shaking (Table 3). Most such slumps 
and block slides are in weakly cemented 
sedimentary rocks -- shales, mudstones, or 
conglomerates. A smaller number of these 
landslides involve more indurated rocks that 
are intensely weathered, closely fractured, 
or interbedded with soft material. Many 
block slides move on bedding planes. Most 



Table 6: 

SOIL LATERAL-SPREAD MATERIALS 
[Modified from Keefer, 1984a] 

Flood-plain alluvium (21) 
Man-made fill (18) 
Deltaic deposits (5) 
Sand dunes (4) 
Coastal sand spits (4) 
Alluvial fan deposits (4) 
Lacustrine sediments (3) 
Beach deposits (3) 
Beach bar deposits (2) 
Estuarine deposits (2) 
Periglacial sediments (1) 
Barrier islands (1) 
Tidal flats (1) 
Terraces not on flood plains (1) 
Glacial outwash (1) 
Glaciolacustrine deposits (1 ) 
Playa sediments (1) 
Organic marine mud (1) 
Carbonate silt in a thermal spring (1) 
Sensi ti ve cIa y of undetermined origin (1) 

Note: 
Numbers in parentheses are total number of 
the 42 historical earthquakes (Table 1) in 
which lateral spreads occurred in a given 
material. 

rock slumps and block slides are on slopes 
steepened by active fluvial or coastal eros
ion, glacial erosion, artificial cutting, or 
active volcanism. These landslides are re
ported from slopes as gentle as about 15 
degrees, but most originate on slopes steep
er than about 25 degrees. Moisture condi
tions in most failed slopes were not 
reported, but at least some, such as in the 
San Fernando area, were in environments where 
the degree of saturation was probably low. 
Only one earthquake in Table 1 (the 1971 San 
Fernando, California. event; 23) reactivated 
significant numbers of pre-existing rock 
sl ump deposi ts. 

Soil Slumps, Soil Block Slides, and Slow 
Earth Flows: Deep-seated, rotational, soil 
slumps are abundant in earthquakes in arid to 
semi-arid regions, as well as in more humid 
regions (Table 3). In natural materials, 
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soil slumps occur predominantly in two geo
logical environments. The first is on alluv
ial or coastal flood plains, where soil block 
slides and soil lateral spreads are also 
abundant. In these areas of generally 
gentle slope, the slumps occur along locally 
steep free faces, such as stream and canal 
banks. The most common materials in vol ved 
are uncemented silts and (or) sands with 
near-surface water tables. The second en
vironment is comprised of moderately steep 
(6-35 degrees) hillslopes with near-surface 
or perched water tables. Materials most 
commonly involved in these slumps are clays 
or clayey silts (including some sensitive 
periglacial deposits), heterogeneous colluv
ial or glacial deposits, volcanic ash, and 
older slump deposits reactivated by the 
seismic shaking. 

By far the most common material involved 
in earthquake-induced soil slumps is man-made 
fill; fills produced soil slumps in 25 of the 
42 events in Table 1. Slumps in fill occur 
both on flood plains and on hillslopes. 
Both the condition of the fill and of the 
material under the fill are evidently import
ant in determining susceptibility -- most 
fills that fail are loose and poorly compact
ed, are placed on soft materials such as 
river-channel or marsh deposits, or both. 
Few slumps have been reported from coarse
gravel fills and none from boulder- or rock
fills. Wi th these exceptions, however, the 
density and amount of compaction is probably 
rnore important in determining susceptibility 
than is fill composition; slumps are abund
ant in fills made from a wide variety of 
materials including clay, silt, sand, hetero
geneous mixtures, and volcanic ash. 

On flood plains, water tables are typical
ly near the original ground surface under 
fills that produce slumps. Fill slumps from 
hillslopes involve dryas well as moist and 
wet materials. Many slumps in dry material 
involve movement at the surface due to vib
rational compaction of loose material, and 
shear surfaces of these slumps typically are 
at the boundary between cut slope and fill. 

Soil block slides are evidently rare in 
hillside fill prisms, but with this excep
tion, they occur in the same geologic 
materials and environments as soil slumps. 
Earthquakes produce abundant soil block 
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slides in all climatic regions (Table 3). 
Slow earth flows occur on modera tel y steep to 
steep slopes of about 6-50 degrees in wet, 
residual and colluvial clays and clayey silts 
and in preexisting landslide deposits. These 
landslides are uncommon in earthquakes, es
pecially in arid and semi-arid regions (Table 
3). 

Ca tegory III Landslides 

Most seismically induced lateral spreads 
and many rapid soil flows are caused by soil 
liquefaction, which results from the trans
ient build up of pore-water pressures and 
consequent loss of strength in saturated, co
hesionless sediments. Several soil tests and 
analyses have been developed for assessing 
the susceptibility of a particular sediment
ary deposit to soil liquefaction. Testing 
procedures use in situ, Standard Penetration 
(SPT) or Cone Penetration (CPT) tests or 
laboratory, cyclic simple shear or triaxial 
tests. The analyses then compare the mater
ial behavior predicted from the tests with 
postulated stresses and (or) strains induced 
by predicted earthquake shaking to estimate 
the potential for liquefaction and landslide 
generation. Recent reviews of available 
methods for liquefaction testing and analysis 
are given by Seed (1979), the National 
Research Council (1985), Robertson (1985), 
Ishihara (1985), and Seed and others (1985). 
Geologic conditions associated with earth
quake-induced soil lateral spreads and rapid 
soil flows are described below; sub-aqueous 
landslides were not reported from any earth
quakes in Table 1 that occurred in arid or 
semi-arid regions (Table 3) and they will not 
be discussed herein. 

Soil Lateral Spreads: Consensus exists 
among investigators of soil liquefaction that 
sa tura ted, loosely packed, low-density sands 
and silts are the materials most susceptible 
to soil liquefaction. Observations of lique
faction-induced lateral spreads in the earth
quakes in Table 1 support this conclusion. 
Materials most commonly involved in lateral 
spreads are man-made fill and flood plain 
alluvium; many other types of sediment also 
produce these landslides (Table 6). 

The man-made fills that produce lateral 
spreads are typically poorly compacted, built 
on soft, saturated foundation materials, or 

both. Composition of such fills in the 
earthquakes in Table 1 ranged from silt to 
sandy gravel; most were composed of fine 
sand. Virtually all fills producing lateral 
spreads in these earthquakes were on alluvial 
or coastal flood plains with near-surface 
wa ter ta bles. 

Compositions of natural sediments produc
ing liquefaction-induced lateral spreads 
range f rom silts to gravels; silts, silty 
sands, and fine-grained sands are the mater
ials most commonly involved. Whereas the 
overwhelming majority of seismically trig
gered lateral spreads are associated with 
liquefaction of saturated, granular mat
erial, they occasionally occur in sensitive 
clay. Lateral spreads can initiate on ground 
that is virtually level; they have been 
reported from slopes as gentle as 0.3 deg
rees. 

Rapid Soil Flows: With the possible ex
ception of the destructive loess flows trig
gered by the 1920 Kansu, China earthquake 
(event 4 in Table 1), seismically generated 
rapid soil flows have involved very wet mat
erials. Based on reports from the historical 
earthquakes, materials most susceptible to 
these landslides are loess and the same 
types of weathered volcanic materials, con
sisting of coarse scoria interbedded with 
fine, senSI t1 ve ash, tha t genera te soil 
slides and avalanches. In addition, sign if -
icant numbers of earthquake-induced soil 
flows have originated from the progressive 
disintegration and entrainment of water 
during movement of other types of landslides. 
Low density man-made fills, including hyd
raulic-fill and mine-tailings dams composed 
of silt, sandy silt, sand, or sandy gravel, 
are also relatively susceptible to soil-flow 
initiation. Materials with lesser degrees 
of susceptibility are coarse residual soils; 
aeolian sands; and silts, sands, and gravels 
deposited in flood plain, alluvial, or glac
iofl uvial en vironmen ts. Earthq uake-ind uced 
soil flows form on slopes as gentle as 2.3 
degrees, but most originate on slopes steeper 
than 15 degrees. 

SUMMARY 

A study of 42 historical earthquakes, in
cluding 17 in arid or semi-arid environments, 
shows that seismic shaking causes 14 types of 



landslides. Thirteen of these types of land
slides have been reported from arid or semi
arid regions. The most a bundan t of these are 
rock falls and rock slides, which are shal
low, fast-moving, internally disrupted land
slides that can ini tia te in dry materials. 

The 14 individual types of landslides are 
grouped into 3 main categories. Category I 
includes rock falls, rock slides, and other 
internally disrupted, fast-moving landslides 
tha t can ini tia te in dry materials -- rock 
a valanches, soil falls, soil slides, and soil 
a valanches. Except f or rock avalanches, 
these landslides are moderately common to 
very abundant in earthquakes, and they occur 
farther from earthquake sources and at lower 
shaking in tensi ties than landslides of other 
types. Rock avalanches are uncommon but 
large and particularly destructive when they 
do occur in popula ted areas. Ca tegory II 
landslides include slower moving, more 
coherent rotational slumps and translational 
block slides and slow earth flows. These 
slides are uncommon (rock block slides and 
slow earth flows) to abundant (soil slumps 
and soil block slides) during seismic events. 
Category III includes fast-moving landslides 
in soil that move with a significant compon
ent of fluid-like flow. Of these, lateral 
spreads are abundant, rapid soil flows moder
ately common, and subaqueous landslides un
common in earthquakes. Earthquake-generated 
subaqueous landslides have not been reported 
in arid or semi-arid regions. 

The area affected by landslides in an 
earthquake correlates with earthquake magni
tude, although the scatter in these data 
indica tes that other geologic and seismic 
factors influence this relation as well. The 
relation between area, A (measured in square 
kilometers), and magnitude, M, is approx
ima ted well by the eq ua tion: 

log A = M - 3.46(± 0.47) 

for 5.5 < M ~ 9.2. An upper bound drawn to 
this data set indicates the maximum area 
likely to be affected by landslides increases 
from zero at M = 4 to about 500,000 square 
kilometers at M = 9.2. The maximum distance 
from the earthquake source to landslides in 
each main category also correlates well with 
magnitude, although significant scatter in 
these data, too, shows that other geologic 
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and seismic factors influence these rela
tions. Study of landslide distribution in a 
limited number of earthquakes suggests that 
landslides are concentrated near earthquake 
sources and that most landslides occur within 
a small fraction of the maximum distance. 

The volume of landslides triggered by 
earthquakes increases by more than 5 orders 
of magnitude as M increases from about 5.3 to 
about 8.6. Analysis of data from a relative
ly small sample of 11 events suggests that a 
linear relation exists between total land
slide volume, V, (measured in cubic meters) 
and seismic moment, Mo' (measured in dyne
cm): 

10gV = 10gMo - 19.I(± 0.93) 

This linear relation suggests that the 
efficiency with which seismic energy is con
verted into producing landslides is relative
I y independent of the earthq uake size, at 
le~s4 for earthquakes with ~o greater th.an 
10 dyne-cm that occur In areas WIth 
abundant susceptible slopes. 

Landslide occurrence is also rei a ted to 
shaking intensity, both Modified Mercalli 
intensity (MMI) and the more quantitative 
Arias intensity. Comparison of M:MI isoseis
mal maps with maps of landslide distribution 
shows that (1) Category I landslides commonly 
occur where M:MI is as low as VI and Category 
II and III landslides where MMI is as low as 
VII, and (2) that landslides in all ca tegor
ies occasionally occur where intensities are 
one to two levels lower than the intensities 
a t which landslides are common. 

CorreIa tion of landslide occurrence with 
Arias intensity, which can in turn be correl
ated with earthquake magnitude and distance 
from the source, forms the basis for probab
ilistic prediction of the areal limits of 
landsliding in an earthquake. Results of 
this method are portrayed as a family of 
bands concentric to the earthquake source for 
each main category of landslides. Each band 
defines the probability that landslides will 
occur out to that distance from the source in 
an earthquake of specified magnitude. 

Several criteria have been developed for 
recognizing slopes most susceptible to the 
various types of landslides in earthquakes. 



146 Wilson and Keefer 

In arid and semi-arid environments, the types 
of materials that most commonly produce 
landslides are as follows: (l) rock falls 
and rock slides -- rocks that are weakly cem
ented, are intensely weathered, and (or) have 
closely spaced fractures; (2) rock avalanches 

rocks with closely spaced fractures that 
also are moderately or intensely weathered, 
have planes of weakness dipping out of the 
slope, are weakly cemented, or show evidence 
of previous slope movement; (3) soil falls -
slightly cemented, coarse alluvium and ter
race deposi ts; (4) soil slides and soil 
avalanches -- low-density, unsa tura ted, silty 
or clayey sands; dry, slightly cemented 
sediments; and saturated, sandy, man-made 
fills; (5) rock slumps and rock block slides 

weakly cemented sedimentary rocks; (6) 
soil slumps and soil block slides -- uncemen
ted sands and silts on river and coastal 
flood plains; low-density, man-made fills; 
and a variety of fine or heterogeneous hill
side materials with near-surface water 
tables; (7) slow earth flows -- residual and 
colluvial clays and clayey silts; and pre
existing landslide deposits; (8) soil lateral 
spreads -- low density sands and silts; and 
sandy, man-made fills with near surface water 
tables; and (9) rapid soil flows -- loess, 
and low-density, granular, man-made fills. 
Minimum inclinations of slopes that have gen
erated the various types of landslides range 
from 0.3 degrees for soil lateral spreads to 
63 degrees for soil falls. 
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PREFACE 

Simple concepts of the mechanics of slope failures form the basis for 
their classification, analysis and repair. This subject has been treated 
in many other publications, and at l'arying lel'els of sophistication. We 
prol'iille this elementary rel'iew to serl'e as a primer and illustrated 
glossary for those who use this 'Volume and field guide as an introduction 
to landslides. 

INTRODUCTION 

Elementary concepts of rock and soil mech
anics provide the basis of the most commonly 
used classification of slope failures and the 
standard analyses of slope safety. This 
subject has been treated at length in many 
other texts (see reference list), but the 
following brief review and glossary is 
provided for those who wish to use this 
volume as an introductory text. 

CLASSIFICATION OF SLOPE . FAILURE 

The most widely accepted scheme for the 
classification of slope failure uses two 
criteria: the mechanism of movement and the 
nature of the moving material. 

This practice began with Sharpe (1938, p. 
96), who traced the history of landslide 
classif ica tion back to the late nineteenth 
century. For the best modern treatment the 
reader is referred to Varnes' (1978) exten
sion of Sharpe's scheme. Varnes added some 
more recently distinguished categories of 
movement, most notably from Varnes (1958), 
Skempton and Hutchinson (1969), Zaruba and 
Mencl (1969, but see 1982 edition), and de 
Freitas and Watters (1973). 

Two other chapters in this volume address 
Varnes' (1978) classification. Campbell et 
al. review the terminology with particular 
emphasis on mud flow and the legal language 
of flood insurance. Keefer and Wilson re
arrange the types of movement into three 

broad categories for the purpose of de
scri bing earthq uake-ind uced landslides. 

Types of Slope MOl'ement 

The categories of slope movement are 
determined by the distri bu tion of shear 
surfaces. Real slope failures may incorpor
a te more than one type of movement, and may 
show patterns of shear that are intermediate 
between the following categories (Fig. O. 

Falls are slope failures without shear 
surfaces; the moving material falls a way 
freely, or has little more than an intermit
tent, bouncing, contact with the stable 
slope. Any rolling motion achieved on real 
slopes is typically sufficiently irregular to 
justify inclusion as a fall. The falling 
material gains stability by landing on a 
gentler slope, or among coarser debris. 

Topples are leaning walls and columns of 
material at the face of very steep slopes. 
After supporting material is moved, the col
umns rotate out from the free face about an 
axis near their base. Common I y, toppling 
precedes the fall of stacks and walls of 
joint-bound blocks. 

Slides involve displacement along a narrow 
zone of shear at the base of the moving 
material. The moving material remains in 
contact with the stable substrate. Both 
large blocks, and packets of disrupted 
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Slides 
Falls 

Figure 1: Schematic representation of the main types of slope movement. 
c: crown; hs: headscarp; r: ridge; s: secondary scarp t: toe. 

material may slide. Simple translatory 
slides travel on a planar surface, causing 
little or no rotation of the sliding mass. 
Translation continues to where the slide 
plane is blocked or until shear resistance 
increases. 

Slumps are rotational slides. The basal 
surface of failure approximates the shape of 
an amphitheater or the bowl of a spoon. Its 
conca ve-upward curvature, causes backward 
rotation of the sliding mass. The slump 
moves down a decreasing slope and thus gains 
some temporary stability; but the source 
region inherits a steep unsupported scarp, 
and the toe is often vulnerable to erosion. 
The homogeneity of the material greatly 
influences the simplicity of the form of 
slumps. 

Spreads are accomplished by more-or-Iess 
distributed tensile failure of more coherent 
material over a duct"ile substrate. Sliding 
in the upper layers relates to flow beneath. 
The failed mate·rial extends laterally. More 
competent material separates into discrete 
blocks. 

Flows are characterized by continuous 

relative motion between the particles of the 
moving material. Shear is distributed on 
numerous planes that are indistinguishable or 
very closely spaced. Slope failure by flow 
ranges from the slow bulging of weak rock, 
to the flow of mud, to the rapid avalanching 
of incoherent debris. Pore fluids determine 
much of the flow character. There is a 
gradation to turbid stream flow, when the 
particles are supported more by fluid shear 
than by the particle-to-particle collisions. 
Intermediate cases have been termed hypera 

concentrated stream flows. 

A common combination of failure mechanisms 
involves the flow of material at the toe of a 
slide or slump. 

Rapid flows of particulate material with 
intergranular shear typically have a dis
crete, well defined lower contact with 
undeformed material. The slow flow of weak 
rock -- termed creep -- Q"lay be cOhfined to 
zones with gradational upper and lower 
boundaries. 

Slope failures in which a discrete surface 
of failure passes downward into a zone of 
distributed shear, or deep rock creep, have 



152 Lee and Sadler 

heads that resemble slumps but no well 
defined toes; the lower portions of the slope 
simply bulge. Such failures have been 
described in German as "Sackungen". This term 
may be translated as sags (Morton and Sadler, 
this volume). 

Types of Material 

All of the terms for the type of movement 
are typically preceded by a modifier that 
describes the material involved. 

Rock is hard bedrock, in natural outcrop 
position prior to movement. It is distinct 
from engineering soils, that are sufficiently 
loosely aggregated to be easily ripped or 
graded. Engineering soils are not restricted 
to weathering profiles and agricultural 
soils, but include incompetent rock and 
poorl y consolidated sedimen ts. 

Engineering soils are crudely different
iated according to their texture. Debris is 
mostly coarser than sand size (greater than 
2 mm), whereas earth has appreciable admix
tures of sand or finer particles. Of course, 
the sedimentological terms clay, mud (silt + 
clay), silt, and sand may be used to indicate 
more precisely which size fraction domina tes 
the flow character. 

ELEMENTARY MECHANICS 
OF LANDSLIDING 

We shall present a simple analysis of slip 
on planar and arcuate surfaces; this can be 
the basis for estimating the safety of a 
slope in terms of its potential for trans
la tiona I sliding or rotational slumping. It 
also serves to explain the various slope 
sta bilization strategies. 

Slope stability is often analyzed for the 
condition of limiting equilibrium or static 
equilibrium at the instant of failure. The 
conventional safety factor in such analyses 
is the ratio of the resisting shear stress 
(strength) to the driving stress. The stress
strain relationship is typically not consid
ered. Deformation and its propagation, 
which leads to slope failure, are also 
omitted. Thus, we can build on a simple 
introduction to the concept of shear stress 
and shear strengt-h. 

b. 

Figure 2: Force and stress components; a: 
relation between normal force, tangential 
force, and resisti ve force; b: stress 
components and shear strength. 

Shear Strength 

Consider first the forces operating on a 
body of mass m resting on a slanting plane 
(Fig. 2). If the plane is progressively 
tilted, we find a critical angle a , at which 
the body just begins to slide down the plane. 
At the instant when the body begins to slide 
(without any rotation), the component of the 
gravitational force that acts along the slope 
is just balanced by an upslope resistive 
force, F r: 

mg sina = Fr (1) 

where g is the gra vita tional accelera tion. 
By experiment, it has been shown that the 
resistive force is proportional to the normal 
force exerted by the mass on the slope: 

F = JJ mg cosa r (2) 

where the static frictional coefficient Jj is 
rela ted to the critical dip angle by: 

JJ = tana. (3) 

If glue is applied between the mass and 
the slope, the resistive force is aided by a 
cohesive force Cg, and equation (1) is no 



longer true. The downslope force is now 
eq ual to the sum of the cohesive force and 
the resistive force: 

F r = mg sina = Cg + J.' mg COSQ. (4) 

For a potential slip surface within a body 
of soil or rock, we need to deal with another 
term, traction or force per unit area. 
Traction is a vector; its magnitude and 
direction at an internal point depend on the 
orientation of the reference surface (for 
example, an infinitesimal part of a slip 
surface). A traction can be resolved into 
three components. The one perpendicular to 
the surface is termed the normal stress, 
while the other two are tangential or shear 
stresses at a point on the representative 
surface. The three stress components on any 
surface can be expressed in terms of normal 
and shear stresses on the corresponding 
coordinate system. We shall convert our 
equations for the balance of forces to 
expressions of stress equilibrium on the slip 
surface at the instant of sliding. 

Although we can simplify the conversion 
for our present purpose, note that force and 
stress have rather different mathematical 
implication. Force is a vector, with magnit
ude and direction. Force has three 
components and is typically represented by an 
orien ted, scaled arrow. Stress has the 
physical dimensions of force per unit area; 
it varies with the orientation of the surface 
on which the force operates. In order to 
specify the state of stress at a point we 
need the stress components on three 
orthogonal planes through the point. For 
each component we must specify the magnitude, 
the orientation of the plane and the 
direction of the stress component. The state 
of stress at a point is a second-order 
tensor; it has 9 components, which may be 
written as a 3x3 matrix or represented by an 
oriented, scaled ellipsoid. As long as we 
consider stress only on a specified plane 
(the slip surface in this discussion) and do 
not explore the stress-strain reI a tionship, 
we may treat stress as a traction vectot, 
analogous to force. This usage a voids con
fusion with the stress tensor at a point, but 
geologists typically refer to both as stress. 

Designating u as normal stress, T as shear 
stress, C as cohesion, and ¢ as the angle 
of 
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internal friction, we can write an equation 
analogous to equation (4) for the resistive 
stress s at the instant of sliding: 

r=s 

s = C + U tan;. 

(Sa) 

(Sb) 

The resistive stress s is commonly called 
the shear strength of the plane. The shear 
stress on the surface (r) is equal to the 
shear strength only at the instant that 
sliding begins. For slope stability an
alysis, we need to predict where, when, and 
how this unstable condition may occur. 
Common practice considers only the static 
situation before the moment of failure. 

Mohr-Coulomb Failure Theory 

The family of all the traction vectors 
corresponding to all the planes through a 
point builds a triaxial ellipsoid (one 
representation of the stress tensor). In a 
plane stress state (two dimensional stress or 
a uniaxial experiment) only two of the three 
ellipsoid axes are non zero, so the stress 
tensor simplifies to an ellipse. The two 
axes of the ellipse are termed the maximum 
and minimum principal stresses (Ul and u2 
respectively); they are perpendicular to 
planes whose traction vectors have zero shear 
stress components and form the most con
venient orthogonal coordinate system for our 
analysis. The normal (u) and shear (r) 
components of traction on a general plane are 

(J 
- 1\ / \ 
-t-',,-~ \, / 

I F=i-~ / 
I ai{ur~"'"-;~ 
I 1::f)'V {-_ 
: ~op~ -_ 
I 

Figure 3: Mohr circles for stress at failure 
and the corresponding Mohr-Coulomb failure 
envelope. 
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related to the principal stresses by 

(CTI +0'2) 
0' = ---- + 

2 
(6a) 

«(11-0'2) sin20 
T= 

2 
(6b) 

where 9 is the acute angle between the 
maximum principal stress (0'1 ) and the 
normal to the surface in question ( 0' ). 

Compressive stress is typically considered 
positive in rock mechanics (e.g. Stout, 1975; 
Jaeger and Cook, 1969; Means, 1976); but 
tensile stresses are considered posi ti ve in 
many physics and engineering treatments (e.g. 
Jaeger, 1956) and at least one geology text 
follows this convention (Ramsay, 1967). 
Note also that, contrary to some practice, U 1 
is not necessarily parallel to gravity, so 
the angle 9 is not always simply related to 
the dip of the slope. 

Equation 6 describes a circle in the plane 
( (1 , r), with its center at «(11 +(12 )/2 
and with radius «(11-0'2 )/2. 

(7) 

This leads to a very simple representation 
of stress known as a Mohr Circle. It enables 
the normal and shear components on a surface 
to be determined very easily from the 
principal stresses. A surface may fail at a 
variety of combinations of 0' 1 and 0'2 . The 
whole set may be represented by the line 
tangential to all the Mohr circles that 
describe stress states at the instant of 
failure. The line is known as the failure 
envelope and is modelled as a straight line 
(Fig. 3): 

1"f = C + 0' tan</> = s (8) 

where the intercept c of the envelope with 
the shear stress axis is the cohesion, and 
the slope of the envelope (tan ¢) is the 
static frictional coefficient. Equation 8 is 
the Mohr-Coulomb failure law; it has been 
experimentally validated for some conditions, 
and extended to triaxial tests and samples 

without pre-existing failure planes. 

In practice, the "cohesion" includes the 
additional effects of tree roots and arti
ficial reinforcement. The normal stress 
includes the loading of buildings, walls and 
trees. 

Pore Fluid 

Any pore fluid pressure p, acts counter to 
the normal stress in the Mohr-Coulomb law, 
and reduces resistance to failure. To allow 
for this we must use the effective stress (1': 

(1' = 0' - p, and 

s = c + «(j - p) tan</> (9) 

It must be understood that cohesion and 
the friction coefficient also depend upon 
moisture content. 

Factor of Safety 

In equilibrium analysis the factor F by 
which shear strength may be reduced to 
achieve a state of limiting equilibrium is 
termed the factor of safety. It is the 
ratio of resisting to driving stresses, 

F = Shear strength 
Driving shear stress (10) 

which becomes 1 when the slope begins to 
fail. The available shear strength is estim
ated for imminent sliding. It is not a 
measured quantity. Driving stress is estim
ated or measured at any time before sliding. 

t~---1 
.. J. z 

------ tsj S--.. ---.. B --.. 

A 

·Figure 4: Planar slip; AB: potential slip 
surface below water table. 



Note that the safety factor often quoted 
for a foundation uses a ratio of loads: 
actual load to allowable load. 

Translational Sliding 

Transla tiona I sliding can be modelled by 
considering motion along a planar surface 
below the groundwater table (Fig. 4). The 
normal stress due to overburd~n above the 
slanting plane is: 

(11) 

The tangential stress is: 

r = pgz cosa sina (12) 

and the resistive stress (shear strength) is: 

s = c + (pgz cos2a - pwgh)tan<p (13) 

where Pw is the density of water, h is the 
hydraulic head above the slanting plane, and 
z is the depth to the slanting plane. We 
define the weighted mean density by 

(14) 

where Pu and Ps are densities of unsaturated 
and saturated overburden, and Zu and Zs are 
depth to the ground water table and depth 
from the groundwater table to the slanting 
plane respectively. It is noted here that 
the hydraulic head may exceed zs' 

The factor of safety for the potential 
slip plane is then 

F = sir 

2c Pwh 2 tan<p = - cosec2a + (1- - sec a )--,--
pgz pz tana 

(15) 

Morgenstern and Sangrey (1978) derive an 
equivalent expression by a different route. 
Equa tion (15) can also be converted to the 
factor of safety used by Sidle, Pearce and 
O'Loughlin (1985), except for the difference 
'in" handling pore pressure and some misprints. 
Compared with equation "(15), they under 
estimate pore pressure by a factor of 
cos2a and the shear strength and factor of 
safety are correspondingly overestimated. 
Equation (15) includes no allowance for trees 
or man-made structures. Such extra stresses 
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would have to be added to equations (11) and 
(.12). 

Rotational Sliding 

Rota tiona I sliding rna y be modelled as 
slumping on a cylindrical arc surface (Fig. 
5). For stability analysis the circular 
cross section of the block can be divided 
into several vertical slices, each of which 
has an arcuate basal surface of length b. 
The moment of weight about the center of the 
circular arc provides the driving shear 
moment. 

(16) 

The resistive shear strength is the sum of 
indi vid ual strengths. Therc:f ore, the safety 
factor 

F= sir 

= 2' [ci + (ui - Pi)tan<Pi]/[2W iXi/Rb] 

(17) 

Assuming that there is no external force 
acting on the slope such that the resultant 
of the shear forces (and normal forces) on 
the slice faces vanishes, the total normal 
force acting on the sliding surface for each 
slice is: 

bUi = W cosa (18) 

Su bsti tu ting this in to eq ua tion (17) yields: 

(19) 

The equivalent equation is misprinted in the 
monograph by Sidle, Pearce and O'Loughli"n 
( 1985). 

According to Bishop (1955), who first 
derived the above equation, this formula 
permits rapid and direct computation of the 
safety factor. But the evaluation tends to 
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Figure 5: Bishop's (1955) method of slices for rotational slides. 
ABC: potential slip surface. 

be conservative and may lead to uneconomic 
design. He suggested a replacement of the 
effective normal force b (ui - Pi) in equation 
(17) by 

b (ui - Pi) = 

{Wi + (Xi-Xi+i ) - b[Picosa i + (c/F) sinai]} 

cosai + tan¢ sinaj/F (20) 

This is obtained from the vertical components 
of forces depicted in figure 5. Substituting 
this term for the normal force in equation 
(17) leads to am improved estimate of F. But 
F appears in both sides of the equation, so 
an iterative procedure must be used to obtain 
the factor of safety. In addition, the shear 
differential across a slice (Xi - X i+i) can 
be evaluated only by successive approx
imation. 

Bishop's method of slices for rotational 
sliding has been extended to the three 
dimensional problem by Hungr (1987). Recent 
advances in slope stability analysis can be 
found in the work by Sarma (1987) and 
references therein. 

SLOPE STABILIZATION STRATEGIES 

Unstable (actively undergoing failure) or 
potentially unstable slopes present a hazard 
to develop men t. The hazard rna y be a voided, 
accepted, reduced or eliminated. The choice 
is essentially a matter of economics. The 
cost of relocation, preventive treatment, or 
remedial action must be weighed against the 
potential loss of life or business and the 
cost of clean up. Open-pit mines, roadways, 
and housing tract projects, for example, 
bring obviously different socio-economic 
factors into the equation, as do different 
mechanisms of slope failure. 

When the choice is to reduce or eliminate 
a slope hazard, many engineering techniques 
are available. In order to stabilize slopes 
these techniques must either reduce the 
effective driving forces, or increase the 
resisting forces, or both. In simpler terms, 
for soil slopes this means: remove the top, 
bu ttress . the toe, and/or drain the pore 
spaces. For rock slopes it means: remove 
unstable material, reinforce or support the 
rock, intercept falling material, and/or 
drain the fractures. The chapter by Leighton 
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Figure 6: Schematic illustration of some measures of slope stabilization 
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and Clark describes the evolution of current 
practice in southern California for the 
repair of soil slopes. We provide a glossary 
of the devices that are commonly used to 
stabilize rock faces and soil slopes. 

Drainage 

Red uction of the water con ten t of soils, 
and the prevention of water seepage in to 
joints and along failure planes is, perhaps, 
the most cost··effective means of improving 
slope stability. It reduces the weight and 
pore pressure of soil rna terials and can 
increase their strength. Drainage is most 
often used together with other strategies. 

Surface run-off can be diverted around a 
soil slide by diversion ditches, which carry 
surface run-off away from slide prone por
tions of a slope. If the slide surface is 
smoothed and filled, ponding and infil
tration of surface water can be reduced. 
Any retaining structures built in the toe 
region include drainage. 

"Horizontal" gravity drains (5-10% grade) 
and pumped wells remove water from slope 
materials in self -explanatory ways. A 
vertical gravity drain needs to extend down 
into stable, permeable materials, or connect 
with a horizontal drain. Vertical drain 
construction can allow for subsequent monit
oring of the water table. 

Removal of :Material 

Although the aim is to reduce the driving 
forces, the decision to remove material may 
depend on the need for borrow material. The 
scale of removal of soil material may range 
from stripping the top from an existing slide 
to excavating the entire volume to a depth 
below the potential shear surface. 

Benches might appear to be part of an 
"unloading" strategy, but their efficiency in 
soil slopes is questionable (Gedney and 
Weber, 1978). They do dissipate the energy 
of surface run-off, and reduce the costs of 
later maintenance. Of course, drainage 
ditches must be installed to prevent ponding 
of water, but benches can aid in the 
establishment of vegetation. Benches cut 
in to a rock slope serve to catch some rock 
falls. 

Scaling and trimming are routine oper
ations to remove loose or overhanging 
materials, respectively, from rock slopes. 
Scaling can be attempted manually from ropes 
or cranes, using crowbars. Trimming may 
require drilling and blasting. Blasting of 
rock slopes can produce an irregular face 
that is significantly weakened by new 
fractures and by the effect of shock waves on 
existing fractures. 

Soil Slope Structures 

The following man-made structures are used 
to buttress the toes of soil slopes (Fig. 6). 
Their installation requires excavation and 
replacement of soil at the toe; it should be 
completed quickly, in short sections and in 
dry weather, for fear of activating a slide. 

Anchors and deadmen are horizontal cables 
or rods that tie a retaining wall back to a 
poin t benea th the slope. 

Soldier piles are rows of closely spaced 
steel beams driven vertically across 
potential slip surfaces. They are often used 
as a temporary stabilizing measure during 
construction. 

A buttress-and-key provides a dead weight 
of rock or soil at the toe that counters the 
driving weight of the slope material. The 
"key" portion extends below slide planes in 
an attempt to "lock" them. 

A crib is a crate-like structure of alter
nating headers (beams parallel with toe of 
slope) and stretchers (perpendicular beams) 
that holds back-fill to form a buttress. 
The beams are commonly concrete, but may be 
wood or metal. 

Gabions are rock-filled wire baskets. The 
wire mesh is smaller than the diameter of the 
rounded boulders; it holds them in place to 
form a wall that is stronger, yet lighter, 
than compacted soil and drains more easily. 

A reinforced earth wall is a buttress 
constructed of backfill, reinforced with 
metal strips, behind a thin wall of vertical 
concrete pIa tes. 

Simple retaining walls of reinforced 
concrete have a variety of designs. Canti-



lever walls are stabilized by a Iff oot" 
beneath the backfill. Gravity walls stand by 
virtue of their greater weight and wide base. 

Rock Slope Structures 

The following structures reinforce rock 
slopes, or intercept falling materials: 

Reinforced concrete buttresses or bulk
heads support overhanging rock from beneath. 

Cable lashing involves anchoring cables or 
steel mesh around loose blocks. 

A catch fence provides a flexible barrier 
to intercept falling rocks and bring them to 
rest in a ditch or at the base of the fence. 
Wire catch nets can be anchored over an 
entire rock face or suspended more loosely 
near the base of gullies. They guide and 
slow the fall of small rocks. 

Catch walls simply stand on the downslope 
side of ditches to improve the interception 
of falling material. They are rigid versions 
of ca tch fences, built of concrete, steel 
rails and timber, or gabions. 

Rock bolts provide steel reinforcement. 
They may be anchored and tightened to resist 
slip on joints, or grouted completely into 
the rock. Bolted beams and bolted straps 
are cast concrete or steel members on the 
rock face that distribute the support offered 
by bolts. 

Shotcrete is a mixture of mortar and 
aggregate propelled against cleaned rock 
surfaces by a jet of air. 

Vegetation 

The influence of vegetation on soil prop
erties and slope drainage is complex 
(Greenway, 1987; Minnich, this volume), but 
for centuries planting has been a strategy of 
slope main tenance. Plan t cover impedes 
overland flow, thus reducing particle erosion 
and rilling, but also favoring infiltration. 
The subsurface roots extract pore water, 
bu ttress and bind the soil and may even act 
as piles anchored below potential failure 
planes. The subaerial stems and leaves 
capture a part of the rainfall and snowfall, 
thus reducing infiltration. But larger 
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plants add weight and may b(~ toppled by high 
wind. Stabilization by native plants avoids 
the need for supplemental water. 

Jute mesh netting may be secured to a 
slope with wire staples before planting. 
Ground cover will establish itself through 
the openings. Hydro-seeding or hydro
mulching is the application of a wet spray 
of wood fiber, seeds, and sometimes manure. 

Grasses offer a very quick vegetation 
cover that can reduce erosion. Annual 
grasses establish faster than perennial 
plants, but may create a summertime fire 
hazard. 

Perennial shrubs are slower to establish, 
but provide more protection. Trailing Ice 
Plant forms a thick protective carpet, if 
watered. Ice plant offers modest fire 
retardant properties. Unfortunately the 
hardy, large-leaved types most commonly 
planted along local freeways (Carpobrotus) 
become very heavy, and can even slide 
dDwnslope as a mat. CDyote Bush (Baccharis), 
RDsemary, and Juniper are drought-tDlerant, 
lighter alternatives to. ice-plant. 
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PRELUDE 

The second part of this volume is a collection of eleven case studies. 
They were contributed by engineering geologists with state and federal 
agencies, and by private companies that practice engineering geology. 

Six of the studies are original research papers that illustrate some 
of the critical factors in landsliding and landslide recognition that were 
discussed in part one. Morton et al. describe the ground fractures and 
landslides along fault traces caused by a single earthquake. They find 
strong dependence on pre-existing landforms. Brabb et al. describe the 
preparation of a regional landslide map for northern New Mexico. They 
compare a landslide inventory made from local aerial photographs, with 
regional maps of physiography, climate, rainfall and slope. The slope 
factor emerges as the best predictor of landslide incidence. Morton and 
Campbell demonstrate the importance of rainfall history for the initia tion 
of mudflows. Morton's study of the San Timoteo Badlands shows that 
recently burned slopes are less susceptible to soil slips, but may be 
associated with increased debris flow activity in the channels below. 
Hansen et al. and Reeder make cases for large landslides in crystalline 
bedrock slopes, where the recognition is more difficult than in sedimentary 
materials. 

Four papers have been reprinted from unpublished reports to illustrate 
the nature and variety of landslide analyses prepared by geologists in the 
civil (:ngineering business and in state agencies. The report by Reeder and 
Rasmussen shows the place of a reconnaissance-level inventory of land
slides in a preliminary, integrated analysis of semi-arid property before 
any development is planned. Spittler's report is an agency study of the 
likely impact of planned burns on brush-covered slopes. The report by 
Rasmussen and Grimes serves as an example of recommendations for the 
initial development of a tract that includes a previously recognized 
ancient landslide. Mapping and bucket-au gering determine the geometry and 
stability of the slide. In contrast, Rasmussen et al. report on the 
investigation of a developed tract after a disastrous slope failure. Logs 
from bucket-auger holes and the soils report are included. 

As a finale, Slosson et al. piece together the history of a debris 
flow disaster. Their account begins before development and concludes with 
the legal and financial consequences. They integrate the slope, bedrock, 
fire and rainfall factors to show the predictability of the disaster. They 
suggest where the decision-making process had failed. The example 
highlights the shocking cost of underestimating the landslide hazard in a 
semi-arid environment 
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ABSTRACT 

A landslide inventory at 1:500,000 scale of a 121,122 square kilometer 
area in northwestern New Mexico was compared with 3 landslide incidence and 
susceptibility overview maps of the United States. Although the correl
ation seems at first glance to be fairly good, 10% or more of deep-seated 
landslide deposits and 40% or more of shallow landslide deposits are in 
areas of low incidence or susceptibility on the overview maps. Similarly, 
maps of physiographic provinces, climate, and precipitation do not provide 
a basis for separating landslide-prone from landslide-free areas. How
ever, a slope index map prepared from a digital data set available for the 
entire United States separated 99% of the areas containing deep-seated 
landslide deposits and approximately 88% of the areas containing shallow 
landslide deposits from relatively landslide-free areas in the lowest slope 
category (0-6 degrees). If this sample proves valid for similar semi-arid 
and arid regions of the western United States, provisional landslide 
susceptibility maps could be prepared for large areas at 1:500,000 scale 
at modest cost using readily available digital data. 

INTRODUCTION 

In comparing landslide overview maps of 
the United States prepared by Radbruch-Hall 
et al. (198 I), Wiggins et al. (1978) and 
Krohn and Slosson (1976), the most striking 
differences are in arid and semi-arid reg
ions. Krohn and Siosson indicate that sub
stantial parts of New Mexico, Arizona, Utah, 
Nevada and other arid and semi-arid states 
have moderate to high landslide suscept
ibility, whereas landslide incidence and 
susceptibility in these areas is mostly low, 
according to Radbruch-Hall and others. 

The purpose of this report is to examine 
these differences in light of a newly com
pleted inventory of landslides in New Mexico 
by Guzzetti and Brabb (1987), and to deter
mine whether small scale maps of physio-

graphic provinces, mean annual rainfall, or 
climate are useful in predicting landslide 
incidence in arid and semi-arid regions. 

LOCATION OF STUDY AREA 

Figure I shows the 121,122 square kilo
meter area in New Mexico where landslides 
were identified by Guzzetti and Brabb (1987) 
from aerial photographs and plotted on a map 
of the State at 1:500,000 scale. Figure 2A 
shows the 2,489 shaHow landslide deposits 
they identified, and figure 2B shows the 
1,406 deep-seated landslide deposits. Be
cause of the reconnaissance techniques and 
the small scale of the aerial photographs 
used (1:31,500), many small landslides have 
not yet been identified, but we assume that 
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Figure 1: Index map of New Mexico and part 
of contiguous states showing boundary of 
study area and principal localities. 

their distribution is not greatly different 
from those shown on figures 2A and 2B. 

The landslide deposits shown on figure 2A, 
most of which are debris flow deposits, were 
contoured on figure 2C to show their density. 

GENERAL PROCEDURES 

Six published maps showing landslide in
cidence and/or susceptibility, climate, mean 
annual precipitation, and physiographic sub
divisions were compared visually with the 
landslide map by Guzzetti and Brabb (1987) to 
determine relationships. To facilitate the 
comparison, all 6 maps were enlarged to 
1:500,000 scale and were projected on the 
landslide maps. In this report, the 6 maps 
are provided at much smaller scale, closer to 
the original publication scales, so that the 
reader can make similar visual comparisons. 
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Figure 2: Landslide deposits in north western 
New Mexico mapped by Guzzetti and Brabb 
(1987). A, 2,489 shallow landslide deposits. 
Many dots (grid cells) represent two or more 
deposits. "Shallow" means less than approxim
ately 10 feet in maximum thickness. B, 1,406 
deep-seated landslide deposits. Many dots 
(grid cells) represen t several deposi ts. 
"Deep-seated" means more than 10 feet and 
generally hundreds of feet in maximum 
thickness. C, density of shallow landslide 
deposits in number per 100 square kilometer, 
contoured in increments of 2. 
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Figure 3: Landslide incidence and susceptib
ility in New Mexico according to Radbruch
Hall et al. (1976). 

COMPARISON OF LANDSLIDE 
INCIDENCE AND/OR SUSCEPTIBILITY 

Figure 3 shows landslide areas in the 
United States as depicted by Radbruch-Hall 
et al. (1976). This map was printed later in 
color (Radbruch-Hall and others, 1981). For 
deep-seated landslide deposits (Fig. 2B), the 
comparison with the information on figure 3 
is reasonably good, except for the Sangre de 
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Figure 4: Map showing rela ti ve potential 
(susceptibility) of New Mexico to land
sliding. H: High potential for landslide; 
adverse formation and steep relief. M: 
Moderate potential for landslide, adverse 
forma tion and moderate relief. LS: Low 
potential for landslide; steep relief, no 
known adverse conditions; consideration 
should be given to jointing, foliation, and 
other possible patterns of weakness. L: Low 
potential for landsliding. Diagonal ruling 
are with greater than 8 inches annual rain
fall. From Wiggins et al. (1978), as reprin
ted in U. S. Geological Survey Circular 880 . 

Cristo Mountains northeast of Albuquerque 
(see Fig. 1 for localities) where Guzzetti 
and Brabb mapped approximately 150 deep
seated landslides in an area shown by figure 
3 as mainly low in incidence and low in 
susceptibility. The density of shallow land
slide deposits (Fig. 3C) in this same area is 
also large. In detail, at least 300 (21 %) 
deep-seated landslide deposits on the map by 
Guzzetti and Brabb (1987) are clearly in 
areas of low incidence and low susceptibility 
on figure 3, and perhaps another 300 may be 
in these low areas. 

Correlation between figure 3 and shallow 
landslide deposit density on figure 2C is 
poor, especially in the rrwuntainous areas 
from Socorro to Albuquerque throughout the 
Sangre de Cristo Mountains. 

Figure 4 is a landslide susceptibility map 
prepared by Wiggins et al. (1978). Inasmuch 
as it is based in part on the map by Rad
bruch-Hall et al. (1976), it generally shows 
areas of deep-seated landslides fairly well, 
although the landslides are much more exten-
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Figure 5: The potential (suscepti bili ty ) for 
landsliding in New Mexico, according to Krohn 
and Sloss on (1976). 

sive in some areas of medium and apparently 
low susceptibility than in some areas of high 
susceptibility. The most conspicuous orrtis
sions are an area from 5 to 15 km west of 
Socorro, extensive areas in the Mt Taylor 
area northwest of Albuquerque, and areas in 
the mountain ranges north of Albuquerque. 

The map of Wiggins et al. (1978) is sig
nificantly better than the Radbruch-Hall et 
al. (1976) map in depicting areas subject to 
shallow landslides, especially in the Sangre 
de Cristo Mountains, although the suscept
ibility indicated is much too low. Overall, 
the number of shallow landslides in the areas 
shown as low in suscepti bili ty appears to be 
nearly as great as the number in the other 3 
categories combined, indicating that the map 
by Wiggins et al. is not reliable for shallow 
landslides. 

Figure 5 is an earlier version of the map 
by Wiggins et al. by Krohn and Slosson 
(1976). With respect to deep-seated land
slide deposits as mapped by Guzzetti and 
Brabb (1987), most of them occur in areas 
with a low potential for landslides, includ
ing many that were shown in areas of high 
landslide potential on the Wiggins et al. map 
(Fig. 4). The general outline of areas under
lain by deep-seated landslide deposits does 
not correspond to the landslide suscept
ibility areas outlined on figures 4 or 5. 

Similarly, the outline of areas of shallow 
landslide deposits (Fig. 2C) mapped by Guz
zetti and Brabb (1987) does not correspond 
well to the areas of landslide potential in 
figure 5. Although the landslides were not 
counted, the number of shallow landslides 
outside the areas designated high, medium and 
apparently low seem nearly as abundant as 
those inside. 

In summary, based on preliminary air photo 
inventories, none of the landslide overview 
maps seems adequate for New Mexico. The maps 
are most deficient with respect to shallow 
landslides. A similar lack of knowledge 
about the extent of shallow landslide proces
ses in the San Francisco Bay region was noted 
by Sitar in Brown et al. (1984, p. 68, 71) 
and Brabb (1986). 

RELATION TO PHYSIO
GRAPHIC PROVINCES 

A physiographic province, according to 
Bates and Jackson (1980), is 

"a region of which all parts are sim-

Figure 6: Physiographic divisions of the 
western conterminous United States, according 
to Hammond (1964). Larger divisions: 1 
Pacific; 2 - Intermontane; 3 - Rocky Moun
tain; 4 - Interior. 



Figure 7: Physiographic-highway engineering 
units of Witzak (1972), based on geology, 
geomorphology, and parent material-origin 
characteristics. 38: Mexican Highland, 39: 
Sacra men to Highland. 50: Datil Volcanic 
Field. 51: Zuni Uplift. 53: Navajo Plateau. 
57: Sangre de Cristo Range; 66: San Luis 
Hills. 67: Southern San Luis Valley. 71: San 
Juan Mountains. 117: Ogallala Outwash area. 
119: Raton Mesa. 120: Park PIa tea u. 121: Los 
Vegas Plateau. 122: Pecos Valley. Dashed line 
is boundary of study area. 

ilar in geologic structure and climate 
and which has consequently had a uni
fied geomorphic history; a region 
whose pattern of relief features or 
landforms differs significantly from 
tha t of adjacent regions." 

If landsliding is a dominant process in 
shaping relief features or landforms in one 
area and not in another, one might expect the 
boundaries of physiographic provinces to 
reflect these differences. In order to 
examine these relationships in New Mexico, 3 
different physiographic schemes were super
imposed on the landslide in yen tories at 
1:500,000 scale. 
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Figure 6 shows the scheme of Hammond 
(1964) for physiographic divisions of the 
western conterminous United States. The 
divisions of Fenneman and Johnson (1946) are 
grossly similar but differ in detail for New 
Mexico. By either scheme, New Mexico has 
lllore subdivisions than any other state. 

The distribution of landslides in north
western New Mexico (Fig. 2) indicates that 
neither the physiographic boundaries of Ham
Illond (1964) nor those of Fenneman and Johnson 
(1946) separate areas with distinctively dif
ferent concentrations of landslides. Shal
low and deep-sea ted landslides occur in every 
physiographic unit within the northwestern 
part of the S ta teo 

A highly innovative refinement of physio
graphic provinces for highway engineering was 
prepared by Witzak (Fig. 7). The units, 
based on geology, geomorphology, and charac
teristics of parent material, are expected to 
provide highway engineers with information on 
a vailability of aggregate, soil ongln and 
texture, high volume soil changes, and frost
suscepti ble soils. The relation of the units 
to landsliding has not, to our knowledge, 
been tested. 

All of Witzak's New Mexico units occur 
within the area mapped by Guzzetti and Brabb 
(1987). Deep-seated landslide deposits occur 
in every unit, although they are sparse in 
the San Juan Hills, Zuni uplift and the small 
areas of the Ogalla Outwash, Pecos Valley, 
and Sacramento Highland that overlap the 
landslide area. Wi thin several units, such 
as the Navajo Plateau, deep-seated landslide 
deposits are clustered in some areas separ
ated by large areas with no landslide depos
its, indicating that the physiographic units 
cannot be used to separate landslide-prone 
from landslide-free areas. 

Similarly, shallow landslide deposits oc
cur in every Witzak unit. Unit boundaries do 
not separate landslide-prone from landslide
free areas. 

In summary, none of the commonly used 
physiographic divisions, whether genetically 
deri ved or specially designed for high wa y 
engineering, separate landslide-prone from 
landslide-free areas in northwestern New 
Mexico. 
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CLIMATIC TYPE P-E INDEX 
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Figure 8: Principal climates of the western 
conterminous United States. The P-E index is 
an estimate of the residual amount of mois
ture a vaila ble for plant growth. Divisions 
in the United States based on records from 
3700 stations. From Thornthwaite (1941, pI. 
3). 

RELATION TO RAINFALL 
AND CLIMATIC ZONES 

Several maps showing precipitation pub
lished in the U.S. Geological Survey National 
Atlas were examined for patterns that would 
correspond to landslide distribution in 
northwestern New Mexico, but all of the maps 
are too generalized from sparse data, and no 
correlations were found. The maps examined 
show mean annual precipitation, mean annual 
maximum rainfall in one hour, mean annual 
maximum rainfall in twenty-four hours, and 
mean annual nUlnber of days with precipitation 

0.01 inches or more. 

A map by Thornthwaite (1941) showing clim
a tic types (Fig. 8) has more detail. New 
Mexico has S of the 6 climatic types in the 
United States. Unfortunately, both shallow 
and deep-seated landslide deposits seem to 
be as prevalent in the arid and semi-arid 
areas as in dry subhumid, moist subhumid and 
humid areas. 

RELATION TO .- SLOPE 

Degree of slope and nature of the bedrock 
were considered by Brabb et al. (1972) as the 
principal factors controlling the distribut
ion of landslides in the Coast Ranges of Cal
ifornia. In order to examine the importance 
of slope in northern New Mexico, a slope map 
was generated from a U.S. Geological Survey 
(USGS) digital topographic base created from 
data supplied by the National Geodetic Survey 
(NGS). According to Godson (1981), NGS re
ceived these data from the Defense Depart
ment's Electromagnetic Compatibility Analysis 
Center (ECAC), whose primary data source 
was the Defense Mapping Agency Topographic 
Center (DMATC). 

The original data from DMATC were generat
ed by digitizing con tour lines, spot elev
ations, and stream and ridge line data from 
the 1:2S0,000 scale series of maps, which 
have contour intervals ranging from IS m to 
61 m. These data were then converted to a 
rectangular grid of values producing elev
ations spaced every 0.2S4 mm on each 
1:2S0,000 scale map (approximately 63 m on 
the ground). Godson (oral co.mmun., 1986) 
subsequently used these data to obtain 
a verage elevations for IS-by-IS second cells 
(about 400 m) in latitude and longitude. 

Problems exist with this digital data set, 
and its suitability for purposes such as the 
generation of regional slope maps will need 
to be carefully assessed. In particular, 
for reasons not yet clear, some areas of 
gentle continuous slope have acquired a 
step-like or terraced character in the dig
i tal represen ta tion. In such areas, the 
steepness of existing slopes can be greatly 
over-estimated at the artificial risers to 
the steps. In spite of these problems, we 
have chosen to attempt to use these data and 



to try to assess their utility in regional 
slope studies. 

To calculate a slope map for New Mexico, 
the IS-by 15 second geographic grid of elev
ations was projected into a 400 m by 400 m 
map grid using linear interpolation. A Lam
bert projection was used, consistent with the 
geologic map of New Mexico (Dane and Bachman, 
1965). In retrospect, it would have been 
better to calculate slopes before projecting 
the data, but we believe that the slopes have 
not been seriously degraded by this prior 
interpolation step, given the problems with 
the data mentioned above. 

Slopes were calculated by using the plane 
determined by three elevations: one at the 
grid point, one at the nearest neighbor to 
the north and one at the nearest neighbor to 
the east. The slope of this plane was then 
assigned a location at the center of gravity 
of the right triangle formed by the three 
data points used, so that the grid of slope 
values was slightly offset from the grid of 
elevation values in both the x and y 
directions. 
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Figure 10: Landslide deposits related to 
slope. A, percentage of shallow landslide 
deposi ts in each one degree slope category; 
B, percentage of grid cells in each slope 
category that contain shallow landslide dep
osits. C, percentage of deep-seated land
slide deposits in each one-degree slope ca t
egory; D, percentage of grid cells in each 
slope category that contain deep-seated land
slide deposits. 
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The map produced, shown in figure 9A, is 
not strictly a slope map because the math
ematical model produces a slope value that 
probably does not represent the actual slope 
at any point on the earth. We have assumed 
that the mathematically-derived value correl
ates well with actual slopes for a substant
ial number of grid cells, but the value of 
slope for any single cell may be quite 
different. In order to emphasize this dif
ference, we refer hereafter to the map 
produced as a slope index map. 

The number of shallow and deep-seated 
landslide deposits in each slope index categ
ory were calculated by computer. Figure 10 
shows the data for shallow landslide depos
its plotted in 2 different ways; Figure 
l OA indicates the percentage of landslides 
in each slope index interval and figure lOB 
shows the percentage of grid cells in each 
slope index category that contain shallow 
landslide deposits. Figure lOB provides a 
correction for the area of each slope index 
category a vaila ble, so that the general rel
ation is that shallow landslide deposits are 
more a bundan t on steep slopes. 

Figures 10C and 100 provide similar data 
for deep-seated landslide deposits in rel
ation to the slope index. Deep-sea ted land
sl ide deposits are most a bundan t on slope 
indicies of about 7. 

The apparent decline in landslide incid
ence on steep slope indicies could be a func
tion of thinner soils, greater rock strength, 
or better drainage, or it could be simply a 
computational artifact. 

In addition to the computer calculations, 
the landslide inventories were overlain on 
the slope index map and the number of land
slide deposits occurring completely and 
clearly in the lowest slope index category 
(0-6 degrees) were counted. Only 15 of the 
1,406 deep-seated landslide deposits (1 %) 
and approximately 300 of the 2,489 shallow 
landslide deposits (12%) occur completely 
within the lowest slope category. The 
remaInIng landslide deposits are either 
adjacent to or partly within higher slope 
ca tegories, or the low slope indicies occur 
within large deep-seated landslide deposits. 
Thus, the slope index map alone separates 
areas with approximately 99% of the deep-
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Table 2: Visually estimated relative abun
dance of shallow landslide deposits on geo
logic formations shown on the geologic map by 
Dane and Bachman (1965). Some unit descrip
tors are abbreviated. An asterisk indicates 
that the formation also occurs on Table 1. 
Formations not mentioned seem to have few or 
no shallow landslides. 

models are not well constrained in this 
region. 

Figures 9B and 9C show the probability 
that landslides occur in any grid cell, using 
the logistic regression curves from figure 11 
that provide the best fit for the data. The 
probability figures are low indicating that 
the slope index alone is not sufficient to 
explain all landslide occurrences. N everthe
less, the model provides a reasonable first 
step in constructing a landslide susceptibil
ity map of an entire state. It suggests that 
more detailed digital elevation models now in 
preparation for the U.S.A. will be of even 
greater utility for Quick and automatic as
sessments of landslide potential. If combin
ed with geologic and other maps expressing 
rock strength, fracture density, slope 
aspect, bedding dip, and other factors that 
infl uence landslide distri bu tion, the model 
can be improved. In the mean time, slope 
inf ormation alone provides a better predictor 
of landslide distribution in arid and semi
arid regions than maps of climate, mean an
nual rainfall, or physiographic provinces. 
For states like Arizona, Nevada, Utah, Colo
rado, Wyoming, Montana, Oregon, Washington 
and California, where some of the climate and 
slopes are similar to those in New Mexico, 
the model could be used to prepare prelimin
ary maps inexpensively that could be tested 
against local experiences with landslide dis
tribution. If the maps prove to be reliable 
as the test in New Mexico suggests, they 
could be used for regional planning of exten
sive transportation networks to show those 
areas where more detailed studies are needed, 
and in combination with land use maps, to 
indicate where high intensity or prolonged 
rainfall may result in extensive landslide 
damage and a need for emergency services. 
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ABSTRACT 

Recurring landslide and mudflow el'ents in the Wrightwood area of 
south,~rn California are parts of a composite cycle of landslide acthity 
that includes three recognizable stages. The three stages are inter
dependent, occur in sequence, and are of different duration. Deposits of 
the first stage, the largest in size, are remol'ed to positions farther 
downstream by the acthity of second- and third-stage landslides. 

First-stage landslides are represented by huge slumped masses derived 
from steep bedrock slopes in the canyon heads; the material moves down the 
principal stream drainage, which may be completely filled with debris. 
Second-stage activity del'elops as streams cut a network of branching chan
nels into the masshe first-stage deposit. The second-stage landslides are 
chiefly slumps from the older slide mass and from adjacent bedrock slopes. 
The 1lI10l'ement of these slides generally is downslope toward actively erod
ing dJrainages. Third-stage activity includes mudflows that accompany the 
spring melting of snowpack. The debris mOl'es down the stream channels to 
depositional reaches on major fans. Remol'al of sufficient amounts of the 
first-stage landslide mass to the fan by second- and third-stage even ts re
sets the bedrock slope of the main drainage for another first-stage el'ent. 

The first-stage landslides in the Wrightwood area are of prehistoric 
origin, and their recurrence interval in anyone canyon is probably several 
thousand years. The acthe duration of a first-stage landslide is one to 
sel'eral thousand years. Second-st age landslides last one to sel'eral years 
and are apparently preceded and triggered by a series of high-precipitation 
winters. The duration of obserl'ed third-stage landslides, spring mud flow 
sequences, range from a few days to as much as six weeks; peak mudflow 
activity apparently results when a heal'Y spring snowmelt occurs during a 
period of second-stage landslide activity. 

INTRODUCTION 

The Wrightwood area of southern California 
is replete with a variety of recurring 
landslides. Spectacular spring mudflows (C. 
H. Gleason and R. E. Amidon, unpublished. 
data, 1941; Sharp and Nobles, 1953; Morton 
and Campbell, 1974; Morton et al., 1978) 
have attracted widespread attention and have 
overshadowed other landslide activity in the 
area. We have been studying landslide pro
cesses in the area sporadically since 1966. 
Our work indicates that spring mudflows are 
part of a composite landslide cycle. Not 
only are they the most exciting component in 

the cycle, they are even more impressive when 
their role in the composite cycle is under
stood. 

PHYSICAL SETTING 

The community of Wrightwood (Fig. 1) is 
built principally upon three coalesced alluv
ial fans, two of which, the Sheep Canyon and 
Heath Canyon fans, consist largely of mud
flow deposits. The third fan, Acorn Canyon, 
appears to have been formed by roughly equal 
amounts of fluvial and mudflow deposits. 
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Figure 1: General setting of landslide activ
ity in the Wrightwood area. Arrows indicate 
direction of movemen t of landslides. 

The Sheep Canyon and Heath Canyon drainages 
contain the remains of major canyon-filling 
landslides, as do several other nearby can
yons. Only the scar and a few small remnants 
can now be found to attest to the large 
landslide that once filled Sheep Canyon, 
whereas a very large landslide deposit re
mains in Heath Canyon. 

Heath Creek is a steep, north-flowing 
stream immediately south of Wrightwood (Fig. 
1). At the head of Heath Canyon is Wright 
Mountain, a topographic prominence on Blue 
Ridge (Fig. 2). Blue Ridge is an elongate 
northwest trending ridge underlain by the 
Pelona Schist - a Mesozoic (?) fissile white
mica schist, with local layers of quartzite, 
quartzite-marble, chlorite schist, and pods 
of actinolite and talc-actinolite rock. The 
schistosity dips consistently southward into 
the north flank of Blue Ridge. Much of the 
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schist is fragmented and fails readily by 
landsliding. 

The Pelona Schist is the most land
slide-prone basement rock in the eastern San 
Gabriel Mountains. Major landslides of the 
schist that fill the head ward parts of can
yons are bedrock slumps; the deposits of 
these slumps consist of debris as highly 
fragmented as some composed of other bedrock 
units in the San Gabriel Mountains that have 
moved much greater distances from their 
sources. None of the several hundred land
slides we examined in the Pelona Schist 
appear to have moved rapidly. Landslides in 
adjacent different basement rocks commonly 
appear to have moved rapidly and over 
considerable distance as rock slides. Many 
landslides in the Pelon a Schist are marked by 
ridge-top trenches and side-hill trenches and 
lack easily recognized lateral and distal 
margins. 

COMPOSITE LANDSLIDE CYCLE 

The three principal stages of the com
posite landslide cycle are distinguished from 
one another by size of the associated depos
its, mechanism of displacement, and proxi
mate causes. The stages occur in sequence, 
the deposits of the first stage being removed 
to positions further down-canyon by the 
activity of the second- and third-stage land
slides. There are major differences in d ur-

Pine Mountain 

Figure 2: Wright Mountain landslide in 1975. 
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a tion of each of the component stages. 

First Stage 

The first stage of the composite cycle is 
the formation of a large bedrock slump, the 
deposit of which occupies the head ward part 
of a canyon. The head of Heath Canyon is 
filled with a partly dissected first-stage 
landslide, the Wright Mountain landslide that 
covers an area of 400,000 square meters with 
an estimated volume of 14,000,000 cubic 
meters (Morton and Kennedy, 1978). Wright 
Mountain landslide formed by large-scale 
slumping of bedrock with the principal down
slope movement to the north-northwest. The 
landslide is at least 500 years old, as de
termined by the age of jeffery pine trees now 
living on parts of the landslide deposit; 
they could not have survived had they 
traveled downslope with the landslide, even 
as young saplings. 

Major canyons having smooth concave long
itudinal profiles (e.g. Acorn Canyon, Fig. 3) 
apparently formed without first-stage land
sliding. Completely dissected landslides 
(Sheep Canyon, Fig. 3) or partly dissected 
landslides with a reestablished canyon (Heath 
Canyon, Fig. 3) have profiles that show 
marked deviation from smooth concavity. Pro
files of undissected parts of landslides 
(e.g., undissected part of Wright Mountain 
landslide, Fig. 3) have clearly convex pro
file segmen ts. 

Upper Sheep Canyon was filled by a first
stage landslide deposit similar to that fil
ling Heath Canyon, but it is now completely 
dissected leaving only a few remnants of 
landslide debris. The completely dissected 
nature of this landslide indicates that it is 
considerably older than the Wright Mountain 
landslide. 

Second Stage 

Most of our studies were done in Hea th 
Canyon, and the second- and third-stage 
landslides described originated there. Geo
graphic points referred to in the text for 
Heath Canyon are indicated on figure 1. 

After the first-stage Wright Mountain 
landslide, Heath Canyon Creek was reestab
lished west of the pre-landslide canyon. 
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Figure 3: Longitudinal profiles of Sheep, 
Heath and Acorn Canyons. 

Canyon cutting in both landslide debris and 
adjacent in-place Pelona Schist gave rise to 
oversteepened lateral and head ward slopes, 
which subsequently failed by second-stage 
landsliding. Major modifications of the 
Wright Mountain landslide by second-stage 
landslides are shown in figure 4. Photo
graphs and observations show that three major 
second-stage landslides have occurred since 
1929. The first occurred sometime in the 
period 1938 to 1941, the second during 1967-
69, and the third during 1969-73. 

The best-documented second-stage land
slide occurred from 1967 to 1969 (Morton and 
Kennedy, 1978); we consider this landslide 
to be typical of second-stage landslides. 
This landslide began to move in the spring of 
1967 and was studied in detail over the 
five-month period of most rapid movement, 
June through October 1967. The slide and 
underlying material continued to move 
throughout the spring of 1969. This land
slide was a block 300 m by 200 m in plan and 
estimated to contain 760,000 cubic meters of 
material. 

When first visited on June 16, 1967, a 
new, largely linear scarp was 46 cm high and 
partly coincided with an old, low scarp 25-40 
cm high. The new scarp increased in height 
at rates ranging from 2.5 to 4 cm per day. 
The crown scarp dipped 65 to 75 degrees 
northward. Slickensides were oriented down-
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Figure 4: Modification of the Wright Moun
tain landslide area by second-stage land
sliding between 1929 and 1973. Ruling - upper 
surface of Wright Mountain landslide. Dots -
Dissected part of Wright Mountain landslide. 
Arrow - active second-stage landslide. 
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dip in the central part of the scarp, 10 to 
15 degrees west of the dip on the west side 
of the scarp, and a similar amount to the 
east on the east side, indicating that the 
moving mass was deforming laterally as well 
as in the dominant downslope direction. 

The toe and lower sides of the block be
came distinct by September 28, at which time 
the scarp had reached a heigh t of 8 m. Un til 
this time the landslide movement, as expres
sed by the ever-increasing scarp height, was 
taken up by distortion within the block. 
The rate of movement began to increase by 
0.5 cm/day between September 30 and October 
6. The mean increase in the height of the 
scarp from October 6 through 13 was 43 cm/day 
and increased to 60 cm/day by mid- October, 
the maximum recorded. 

During the time of most rapid landslide 
movement the block slowly disaggregated, with 
the lowest parts slowly sloughing over a 
lower face as steep as 35 degrees. The 
remaining part of the block, part of the 
sloughed debris, and underlying debris 
continued to move slowly, at least until the 
summer of 1969. The remaining part of the 
block moved more than 100 m downslope. 

A pre-1969 rockslide, loea ted on the west 
side of Heath Canyon, is not part of the 
Wright Mountain landslide, but resulted from 
oversteepening on the west side of Heath 
Canyon as canyon cutting reestablished the 
canyon bottom west of the pre-Wright Mountain 
landslide canyon bottom. Movement of this 
second-stage landslide was renewed in the 
spring of 1969 and continued through the 
summer of 1973. Talus accumulations along 
Heath Canyon channel in the spring of 1969 
were partly removed by the 1969 mudflows. 
Inspection during 1970 to 1973 indicated that 
this landslide continued to move intermit
tently. Part of the material underlying the 
western scarp area of the 1967 slide began to 
move as a discrete mass during 1969 and con
tinued moving through 1973. 

In all observed second-stage landslides 
the style of movement was similar to that 
observed in the 1967 landslide: continued 
slow movement and considerable comminution of 
bedrock. Photographs indicate that a rock
slide occurred sometime after 1938 and before 
the mudflows in the Spring of 1941 in the 
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headward part of Heath Canyon. Other parts 
of the Wright Mountain landslide, not con
stituting discrete landslides have moved 
intermittently for at least 40 years. 

Third Stage .- Mudflows 

The third stage includes the sequences of 
major mudflow events that accompany the 
spring melting of snowpack. Individual small 
mudflows are annual spring phenomena in Heath 
Canyon, as they are in other areas underlain 
by the Pelon a Schist in the eastern San Ga b
riel Mountains; but only a few drainages 
have produced large mudflows and mudflow 
sequences in historic times. All of these 
drainages contain major first-stage land
slides that are in part at least intermit
tently active. Spring mudflows are known to 
have occurred in Heath Canyon in 1941, 1943, 
1969, and 1973, 

In addition to spring thaw, there are two 
other climatic conditions that cause short
lived mud flow: (1) short-duration, very in
tense summer or fall "cloudburst" rains; and 
(2) exceptionally heavy prolonged fall rains. 
These mudflows are produced by exceptionally 
heavy surface runoff and, though posing an 
important hazard to Wrightwood, they appear 
to result in quantitatively minor con
tributions to the fan deposits. Mudflows 
generated by these conditions are not con
sidered further here. 

THE SPRING MUDFLOW SEQUENC][ 

The best documented spring mud flow activ
i ty is that of 1969 (Morton and others, 
1978), and it forms the basis of description 
of third-stage landsliding. At about the 
first of May, 1969, a steady thaw of the snow 
pack was accolIlpanied by 40 days of mudflow 
activity that was separable into three 
phases: waxing~ climactic, and waning. This 
sequence is considered typical of spring nlud
flows occuring in concert with second stage 
landsliding in the area. 

Waxing Phase: The waxing phase consisted 
of short-lived mudflows that deposited dc!b
ris downstream in the alluvia ted bottom of 
Heath Canyon. For 16 days deposition prog
ressed downstream, eventually reaching the 
apex of the Heath Canyon alluvial fan. The 
debris deposits were distributed high on the 

fan in a braided fashion. While deposition 
prograded downstream, a fl umelike channel 
began to incise through the recently deposit
ed debris in the upper reaches of Heath 
Canyon, above a narrow bedrock gap (Fig. I). 

Climactic Phase: More prolonged mudflows 
began on May 17 and continued for six days. 
This phase produced the largest and longest 
lived mudflows. The mudflows originated at 
progressively higher elevations in Heath 
Canyon, and the narrow flume-like channel 
quickly extended downstream through the 
alluvia ted canyon bottom from the bedrock gap 
to the apex of the fan where the flows 
emptied into a flood-control channel (fig. 
1). The deepest part of the channel, near 
the apex of the fan, was 8 m deep. Sub
sequent flows were transported through the 
all u via ted can yon floor in this channel, and 
the upper part of the fan in the flood
control channel, without visible net depos
i tion or erosion. Deposition took place 
chiefly on the middle and lower parts of 
Heath Canyon fan and was limited to the east 
side of the fan by flood-contol levees. A 
few of the larger flows reached as far as the 
confluence of Heath and Swarthout Creeks, 
6 km from their point of origin (Fig. 1). It 
appeared that most flows which reached 
Swarthout Creek quickly deposited most of 
their coarser-grained material as the flows 
were diluted with water from Swarthout Creek. 

Waning phase: The amount of meltwater 
began to decrease on a bou t May 22 and the 
frequency and duration of mudflows decreased 
steadily. Smaller flows gradually backfilled 
the flume-like channel through the full 
length of the alluvia ted canyon. Subsequent
ly some flows spilled over the backfilled 
channel and once again aggraded the canyon 
bottom in a braided fashion. By June 6, 
the snowpack had all but disappeared and 
spring mudflows ceased. 

Mudflow Inception 

Meltwater from the thawing snowpack was 
quickly absorbed by landslide debris with 
very little excess to form stream flow. Mel t
water percolated through the active second
stage landslide mass toward steep faces above 
the drainage channel in the toe area of the 
landslide, gIVIng rise to small shallow 
slumps, slides, and flows in the saturated 



debris. This activity constantly replenished 
the supply of saturated debris in the chan
nel. 

In the first two weeks of mudflow activ
ity, during the waxing phase, intervals of 
several minutes to hours separated events 
that placed debris in the channel. As the 
meltwater stream flow increased, so did the 
frequency of these events. During the 
climactic phase, sloughing and tributary 
mudflows continuously placed debris in the 
channel, and the point at which mudflows were 
ini tia ted migrated head ward as the edge of 
the snowpack receded up the mountain side. 

During the waning phase, sloughing debris 
commonly accumulated faster than it could be 
removed by the decreasing amoun t of mel t
water, and many mudflows moved only relative
ly short distances down channel. However, 
some downslope movement of debris continued 
after the final mudflows. 

Physical Appearance 

Debris moved down the channel as individ
ual mudflows, cascading over bedrock water
falls before entering the alluviated canyon 
bottom (Fig. 1). The mudflows on the alluv
iated canyon bottom had blunt rocky snouts 
generally 1 to 1.3 m high. These snouts con
sisted of relatively well sorted clasts, 
generally 15-60 cm in diameter with a few 
clasts as much as 1.3 m in diameter. Behind 
this coarse, bouldery front was an unsorted 
mixture of mud and rock, followed in turn by 
a mud slurry, which passed progressively into 
muddy water. The trailing muddy water tended 
to flush finet grained loose debris from the 
channel, leaving a rock-strewn bottom. Be
tween the passage of mudflow surges was a 
small but nearly continuous flow of muddy 
water. At individual points of observation 
along the channel a temporary diminution or 
cessation of water flow frequently but not 
invariably heralded the approach of another 
mudflow; the diminishing water was a result 
of debris temporarily damming the upstream 
channel. 

Mudflows moving down the channel commonly 
spilled debris over the margins, which 
developed a mud flow levee in a relatively 
short time. Except when cascading over 
bedrock waterfalls, the mudflows moved in a 
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laminar or non turbulent fashion. Individual 
clasts tended to remain in the same rela ti ve 
position in a flow, sliding, slowing rotating 
and occasionally disappearing or, if on the 
snout, toppling down the front. As the vis
cosity of the flow decreased behind the rocky 
rna terial and consisted of a sl urry or 
debris-laden water, the flow became turbul
ent. 

The velocity of an individual mudflow was 
variable from inception to deposition. Most 
mudflows, except during the climactic phase, 
completely halted at one or more points 
while in transit, only to be remobilized 
when overtaken and overridden by and combined 
with subsequent flows. Whc;~re flows halted 
without effective side confinement, the 
de bris became stabilized and deflected later 
flows. This process was particularly notice
able during the waxing andl waning phases, 
when it caused a braided drainage pattern to 
form. 

During the climactic phase, mudflows on 
the gentler grades of Heath Canyon fan 
repeatedly merged to form continuous flows in 
which the rocky snouts of former individual 
flows were marked only by short segments 
containing concentrations of boulders. Vel
ocities of moving mudflows varied between 0.6 
and 4 meters per second. Many flows in the 
flood-control channel had rounded snouts 
produced by a velocity difference of 0.3 to 
0.6 meters per second between the snout 
center and the more slowly moving margins. 
The mean velocity for one flow timed between 
the alluvia ted canyon bottom and 1.5 km 
downstream was 0.6 meters per second. 

Most moving mudflows took 2 to 4 minutes 
for the entire body to pass a point, but dur
ing the climactic stage some large ones took 
30 minutes. Continuously moving flows of 4 
to 9 minutes duration were estimated to 
contain 150 to 700 cubic meters of mud. The 
total debris transported as IIludflows in 1969 
is estimated at a minimum of 150,000 cubic 
meters. The volume of flows in 1941 was 
estima ted as great as 918,000 cubic meters 
(Gleason and Amidon, 1941). An estimated 
several thousand cubic meters of debris was 
in vol ved in the 1973 flows. 

In the flood-control channel, translatory 
waves 3 to 10 cm in amplitude formed during 
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the climactic phase. These waves traveled at 
6 to 8 meters per second, twice the speed of 
the moving mud, and tended to remobilize 
temporarily halted boulder accumulations. 

Physical Properties 

Thirty I-liter samples of relatively fine 
grained «10 cm clast size) mud were 
collected from moving flows, as well as eight 
interflow water samples. Twenty-two samples, 
termed gravelly mud, were collected immed
iately behind the rocky front of flows, and 
eight samples, termed sandy mud, from the 
upstream terminal parts of flows. Specific 
gravity and the volume of rock of these 
samples are given in the following table. 
The rocky front of mudflows and clasts 10 cm 
and greater in size were not included in the 
sampling, biasing the values in the table on 
the low side. We estimate the rocky snouts 
to consist of up to 90 percent rock by 
volume. 

Rock Volume (%) 
M[ean (Range) 

Gravelly-mud 63.9 
(43.7-74.6) 

41.0 Sandy-mud 

Water 

( 13.0-58.0) 
19.0 

(05.1-37.0) 

Spec. Gravity 
Mean (Range) 

2.05 
(1. 72-2.21) 

1.67 
( 1.22-1.96) 

1.32 
( 1.08-1.61) 

Median grain sizes of individual samples 
from the gravelly-mud were between 0.7 and 
6.0 cm and from the sandy mud between 0.3 and 
2.0 cm. Estimates of Bingham viscosity range 
from 400 pois(:s for the sandy mud to 1,000 
poises for the gravelly mud. 

1973 Mudflows 

Smaller mudflows than those of 1969 occur
red discontinuously over a 35-day period 
between April 11 and May 15, 1973. With the 
exception of those flows occurring on May 14 
and 15, the flows did not extend below the 
bedrock gap. Mudflows during April origin
ated from the active landslide on the west 
side of Heath Canyon (Fig. 4); those during 
May originated from an active landslide at 
the head of the 1969 rockslide (Fig. 4). 

These flows were similar in morphology to 
those occurring during the waxing and waning 
phases of the 1969 mudflow stage. However, 
mudflow phases developed on a small scale 
with progressive downslope deposition of 
de bris, followed by progressive downslope 
channel cutting, followed in turn by channel 
filling or channel blocking and subsequent 
channel a bandonmen t. 

Large flows during May 14 and 15, 1973 
resulted when thaw was accelerated by a 
cloudburst on the afternoon of May 14. Ex
cept for these large flows, the 1973 mudflows 
were scaled-down versions of the 1969 mud
flows. Most mudflows were 15-50 cm wide and 
1-30 cm thick. Those originating on the west 
side of Heath Canyon originated on slopes of 
about 30 degrees and emptied onto the alluv
iated canyon bottom where the gradient is 17 
degrees. Maximum clast size transported by 
the mudflows was 25 cm. Mudflow velocities 
on the 17 degree alluvia ted canyon bottom 
were 0.3-0.6 m per second. 

Snouts of many mudflows or mudflow depos
its are characterized by a concen tra tion of 
the largest rock fragments in the flow, and 
speculation has centered on the mechanism 
responsible for their distribution. We ob
served the development of rocky snouts of 
the 1973 mudflows closely, as the relatively 
small size of the mudflows presented little 
physical hazard to the observer; this was 
not true of the much larger 1969 mudflows. 

A mud flow originating at the toe of an 
active landslide consists of well-mixed het
erogeneous debris. As a mudflow passes 
through the upper part of its channel it 
leaves behind scattered detritus. Relatively 
fine grained detri tus is fl ushed by stream 
flow between mudflows, leaving behind only 
the relatively well sorted, largest rock 
fragments. As the mudflow continues down 
channel it accumulates at its snout the rocks 
left in the channel by the preceding mudflow. 

1973 Cloudburst 

The cloudburst that occurred over the 
Heath Canyon area in the early afternoon of 
May 14, 1973 dropped intense rainfall on 
already saturated landslide debris in the 
upper reaches of Heath Canyon and caused 
several large mudflows during the afternoon 



of May 14 and 15. These flows had a cross
sectional area of about 1 x 8 meters, where 
they entered the flood-control channel. The 
flows traveled as much as 3 km from their 
point of origin. Velocity of the mudflows 
was estimated at 6 meters per second. At and 
above the bedrock gap the flows cut a 2.5-
4.0 meter deep channel within two hours of 
mud flow inception. The first flows generated 
by the cloudburst traveled as a turbulent 
flow in contrast to other mudflows observed 
in the Wrightwood area. These flows are 
probably the closest in kind to cloudburst
generated mudflows characteristic of the arid 
and semiarid parts of the southwest (e.g., 
Jahns, 1949). The contrast between the turb
ulent flow of the cloudburst-generated mud
flows and the laminar flow of the normal 
spring mudflows, due to melting of a snow
pack, indicate that normal Wrightwood spring 
mudflows should not be used as a model for 
cloud burst-genera ted mudflows. 

CLIMATIC ASSOCIATIONS 

First-stage landslides are of prehistoric 
origin and nothing is known a bou t the clima t
ic conditions leading to their origin, or 
whether present conditions are the same as 
those at the time they formed. Perhaps they 
resulted from some combination of abnormally 
wet years and intense earthquake shaking. 

Condi tions are known for several episodes 
of second- and third-stage landsliding. 
Once dissection of a first-stage landslide is 
underway, triggering of the second-stage and 
third-stage landslides appears to be largely 
governed by weather. Precipitation records 
for 1925-26 through 1973-74 rainfall years 
(October through September) for Big Pines, 6 
km west of Wrightwood, show two groups of 
relatively wet winters. One group is 
cen tered a bou t 1940-41, the other clusters 
about 1968-69 (Fig. 5). The two recorded 
periods of greatest mud flow activity coin
cide with the two wettest winters; other 
relatively wet winters (e.g., 1937-38, 
1957-58, 1966-67) were not periods of known 
spring mudflow activity. However, spring 
mud flow activity is reported for the 1942-43 
winter (Sharp and Nobles, 1953, p. 553) and 
the 1972-73 winter (Morton and Campbell, 
1974); both had less precipitation than 1937-
38, 1957-58, or 1966-67. Both the 1941 and 
1973 mudflow activity occurred at the latter 
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lPart of a sequence of three or more succes
sive wet winters. 

A sequence of several relatively wet win
ters has a twofold effect. First, second
stage landslides appear to follow a period of 
consecutive wet years (1936-38 and 1965-
67) or closely grouped wet years (1965-67 
and 1968-69). Once triggered, second-stage 
landslides are capable of moving, at least 
discontinously, over a minimum period of two 
or three years. Second, if a wet winter co
incides with second-stage landslide movement, 
a third-stage landslide event (a sequence of 
spring mudflows) results. 

In this model, the 1969 mudflows are 
considered to be the product of a combination 
of active second-stage landsliding resulting 
from the wet 1965-67 period and the melting 
of a deep 1969 snowpack. The combined 1965-
67 and 1968-69 wet years triggered a new 
second-stage landslide at the head of Wright 
Mountain landslide and renewed movement in 
a pre-existing second-stage landslide on the 
west side of Heath Canyon. Movement of 
these two second-stage landlslides continued, 
at least discontinuously, until the spring of 
1973, when sloughing saturated debris once 
again formed mudflows. 

Similarly, we consider the 1941 spring 
mudflows to be a result of active second
stage landsliding, triggered by the 1936-38 
wet period, continuing through the spring of 
1941. The 1943 mudflows could ha ve resulted 
either from continued movement of the second
stage landslide that produced the 1941 mud
flows, or more likely, considering the relat
ively small size of the 1943 flows, a smaller 
active second-stage landslide similar to 
those that were moving in 1969 and were 
accompanied by relatively small scale mud
flows. 

POTENTIAL LANDSLIDE 
AND MUDFLOW HAZARD 

Mudflows pose a recurring threat to parts 
of Wrightwood. Available data indicate that 
climatic conditions can be used to predict 
the occurrence of spring mudflows. A 
sequence of wet winters should again produce 
second-stage landsliding and subsequent over
lap of continued second-stage landsliding and 
a relatively wet winter in the sequence 
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Figure 5: Precipitation, in cm, at Big Pines. 

would likewise produce third-stage landslid
ing (mudflows). Understanding the mudflows 
within the context of the composite landslide 
cycle and their relation to climatic con
di tions could lead to the prediction of 
spring mudflows a year or more before their 
occurrence. 

It must be expected that severe earthquake 
shaking of the area could cause significant 
temporary increases in landslide acti vi ty, 
the character and extent of which should 
depend upon the intensity of shaking and the 

Plate 1 (facing page): 

stage of the landslide cycle that was most 
active at the time of the earthquake. The 
community of Wrightwood lies in a valley 
eroded along the main trace of the San 
Andreas fault and has been severely shaken 
during historic earthquakes; however, the 
present data permit no more than speculation 
about possible correlations of seismicity and 
landslide activity. The first-stage land
slide in Heath Canyon clearly predates the 
great Fort Tejon earthquake in 1857, and the 
second-cycle landslides of 1939-42 (?), 1967-
69, and 1969-73 appear not to correlate with 
any seismic events. 
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a: Mudflow channel cut by cloudburst-generated 1973 mudflows. 
b: Mudflow deposits, waxing stage. 
c: Mudflow levee above bedrock gap. Channel width 3m. View upstream. 
d: Cresting translatory wave in fine grained part of 1969 mudlow. 
e: Small stabilized mud flow at entrance to flood control channel, 1973. 

Note blocky snout and fine mud whuch issued from coarser material. 
f: Merged 1969 mudflows in flood contol channel. Width of channel 10m. 
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ABSTRACT 

The North Palm Springs earthquake (ML 5.9) of July 8, 1986, produced 
many kinds of landslides and fractured ground. Throughout an area of 600 
square kilometers affected by strong earthquake shaking, landslides were 
abundant on the sides of steep-walled canyons. Debris slides and rock 
falls occurred in weak materials, mainly fractured basement and uncon
solidated sediments on steep slopes, in an area of 3,000 square kilometers. 
Some gently to moderately sloping alluvial surfaces along the Banning and 
Garnet Hill faults failed as low-gradient slab-like masses having ill
defined margins; these masses moved 5 to 10 cm downslope. In addition, 
extensive fracturing, most of which appears related to landsliding, 
occurred within about 200 m of the Banning fault, on which the earthquake 
probably occurred. Intensive fracturing produced shattered ridge-tops, 
also mainly within 200 m of the Banning fault. The shattered ridge-tops may 
have resulted from topographic amplification of seismic waves. 

Seismological analyses indicate seismogenic fault rupture apparently 
extended to no higher than 4 km below the surface. Most of the surficial 
fractures that formed in the vicinity of the trace of the Banning, Mission 
Creek, and Garnet Hill faults are probably an indirect result of the deeper 
seismogenic rupture. Calculations, based on elastic dislocation theory, 
indicate slip on the faults in the near-surface weak alluvium could result 
from the change in the stress field associated with the buried mainshock 
faulting. We interpret most of the fractures in the vicinity of the trace 
of the Banning, Mission Creek, and Garnet Hill faults as surficial 
response to static shear strain induced near the fault trace by seismogenic 
displacement at depth, rather than being produced solely by strong ground 
shaking. 

INTRODUCTION 

On July 8, 1986, a moderate (ML 5.9) 
earthquake near North Palm Springs produced a 
remarkable variety of ground fractures and 
landslides. The distribution and nature of 
the fractures, and some of the landslides, 
show a notable spatial association with the 
surface traces of the Banning, the Garnet 
Hill, and the Mission Creek faults as mapped 
by Allen (1957), Clark (1984) and Matti et 
al. (1985). 

The earthquake epicenter was located at 
340 00.0' Nand 1160 36.3' W (Jones et al., 
1986), 6 km north of the surface trace of 
the Banning fault (Fig. 1). The earthquake 
probably resulted from slip at a focal depth 
of 11.3 km (Jones et al., 1986) on the north
dipping Banning fault, which is the active 
southern branch of the San Andreas fault 
zone. The surface trace of the Banning fault 
in the epicentral area strikes N70W and dips 
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Figure 1: Epicentral area of July 8, 1986, North Palm Springs ML 5.9 
earthquake. Dotted lines indicate fault traces; solid, bold lines show 
segments along which coseismic ground fracturing occurred. Area shown in 
Figure 2 is outlined. 

north ward; the focal mechanism of the main 
shock indicates pure right slip on a fault 
striking N60W and dipping N45W (Jones et al., 
1986). 

Strong-motion records indicate that the 
most severe shaking occurred near the surface 
trace of the Banning fault, south of the 
epicenter, and was less severe near the epi
center. 

Although fractures and downslope displace
ments were largest and most obvious on steep 
slopes, some slopes as gentle as 10 degrees 
or less produc(~d small fractures and slight 
downslope displacements. Such fractures were 
most notable in areas where the traces of the 
Banning, Garnet Hill, and Mission Creek 
faults cross paved roads. The fractures and 
downslope displacements occurred on both 
natural and graded slopes, and in both 
natural deposits and man-made fill. 

Discontinuous ground fracturing (Fig. 2), 

accompanied by landsliding, was most abundant 
in a relatively narrow zone, within 100 to 
300 m of the trace of the Banning fault, 
over a 9-km fault segment extending from the 
west side of Whitewater Canyon east to 1 km 
east of California State Highway 62 (Fig. 
2). Landslides also were abundant farther 
from the trace of the fault, particularly in 
the many areas where deep canyons form 
steep slopes in poorly consolidated sediments 
and intensely fractured basement rock. For 
example, slopes locally fractured or failed 
in weak material and on very steep faces 
along Whitewater Canyon from 1 km north to 
2.5 km south of the Banning fault. Discon
tin uous fractures having a few millimeters 
displacement also occurred along the Mission 
Creek fault in the vicinity of California 
State Highway 62 and on the Garnet Hill fault 
at the mouth of Whitewater Canyon. 

Intensely fractured ground along some 
ridge crests suggests that topography locally 
focused the earthquake shaking. Where other 
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Figure 2: Distribution and types of ground fractures and landslides 
associated with the North Palm Springs earthquake. Solid lines are roads; 
dashed lines are stream drainages, dash-dot line is Colorado River 
aqueduct; light bold dotted lines are faualt traces; small dots indicate 
rock- and debris-fall chutes; light line segments indicte locations and 
trends of ground fractures. Area shown in Figure 3 is outlined. 

factors appear equal, the ground fracturing 
was more common on the north side of the 
fault than on the south, which may relate to 
being on the upper plate above the north
dipping fault. 

Below we shall describe the distribution, 
characteristics, and probable causes of the 
ground fractures and landslides caused by the 
July 8 earthquake. These include (1) land
slides away from fault traces triggered by 
strong shaking, and (2) ground fractures and 
landslides near fault traces produced by 
near-surface shear strain along fault traces 
in response to coseismic fault rupture at 
depth. 

FRACTURES ON LEVEL OR GENTLY 
SLOPING GROUND ALONG THE 
BANNING FAULT TRACE 

Fractures that probably resulted directly 
from fault slip and are not related to land
sliding occur in alluvia ted valley floors, 

stream bottoms (PI. la), and in hillside 
notches or saddles' (PI. I b) crossed by the 
trac(~ of the Banning fault. In these set
tings, fractures occur as single discon
tinuous breaks less than 1 mm wide to zones 
of multiple fractures as wide as 40 m; the 
fractures straddle the trace of the fa ul t, 
which was established on the basis of pre
earthquake evidence by Clark (1984). The 
zone of fractures developed on gently sloping 
ground is widest just west of State Highway 
62, where scores of fractures were distrib
uted over a width of 30 to 40 m in uncon
solidated Holocene alluvium (PI. lc). Far
ther west, and also east of Highway 62, 
fracture relationships are complica ted by 
locally moderate to steep topography that 
infl uenced their distri bu tion and orien t
atioll. 

The westernmost non-landslide fractures on 
the Banning fault are located on the west 
side of Whitewater Canyon and the easternmost 
fractures, 9 km to the east, just south of 
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Dillon Road (Fig. 2) (Sharp et al., 1986). 
Most of the non-landslide ruptures had only 
small amounts of right-lateral separation, 
commonly no more than a few millimeters. 
Open fractures having no discernible right
lateral, left-lateral, or vertical displace
ments were common. The distribution of the 
fractures over a zone of appreciable width, 
and the vanishingly small lateral displace
ments on many of them, tend to distinguish 
these fractures from the mode of ground 
rupture associated with other recent 
moderate earthquakes in southern California, 
such as the 1968 Borrego Mountain earthquake 
(U.S.G.S., 1972) and the 1979 El Centro 
earthquake (U.S.G.S., 1982). 

GROUND FRACTURES AND LAND
SLIDES ON SLOPES WITHIN 200m 
OF THE BANNING FAULT TRAC:E: 

Ground fractures along and parallel to the 
trace of the Banning fault were far more 
abundant in areas of steep and moderate slope 
than on nearly level ground. The locations 
and orientations of these fractures relate 
closely to topography, particularly to ridges 
paralleling the fault. Fractures are common 
to abundant in a zone ranging from a few tens 
of meters to 200m wide in areas of steeper 
slopes. The zone extends along the trace of 
the Banning fault from 550m east of Highway 
62, lkm west of Whitewater Canyon. In this 
segment, fractures range from discontinuous, 
widely spaced, hairline cracks to completely 
shattered ridge tops that locally resemble 
thoroughly plowed ground. Cracks generally 
had displacements indicating gravitational 
movement -- extension and downslope movement 
from ridge crests and flanks, compression and 
thrusting at and near the toes of slopes. 

Most fractures nearest the Banning fault 

trace parallel the fault and are located on 
ridges approximately parallel to the fault 
(Fig. 2). Fractures paralleling the fault 
are noticeably less common on ridges oriented 
at high angles to the fault. These ridges 
generally are crossed by a conjugate fracture 
set, one parallel to the fault, the second 
parallel to the ridge. More than about 50 m 
from the fault trace, the orientation of most 
fractures is parallel to the ridge. Where 
ridges curve away from the fault, fractures 
near the ridge crests also curve away and 
follow the ridge crest, which indicates a 
closer relationship to the orientation of the 
ridge than to the orientation of the fault. 

Immediately west of Whitewater Canyon, a 
narrow, steep-walled canyon tributary to 
Whitewater Canyon is developed along the 
trace of the Banning fault. On both walls of 
this canyon numerous large and small debris 
slides and rock falls occurred for several 
days after the earthquake (PI. I d). 

Along ridge tops, many open fractures have 
less than a I mm gap and no vertical sep
aration. Many other ridge-top fractures have 
larger gaps and vertical separations of as 
much as several centimeters, down on the side 
of the slope face (PI. 1 e). In a few places, 
discrete landslides developed, commonly on 
both sides of ridges. 

Extensively fractured to completely shat
tered ridge tops are common along the trace 
of the Banning fault. Some natural ridges 
in poorly consolidated conglomerate and fan
glomerate were broken into aggregates of 
blocks that were translated out-and-down and 
rotated around subhorizontal axes, commonly 
on both sides of the ridges. These f ea tures 
are particularly noticeable in the Painted 
Hills area (Fig. 2). However, many ridges 

Plate 1 (Facing Page) a: Coseismic ground cracks along Banning fault trace on nearly 
flat-lying channel bottom of Super Creek. b: Ground cracks along Banning fault trace on 
narrow saddle east of Whitewater canyon. c: Zone of ground fracturing in Holocene alluvium 
along Banning fault trace. d: Debris slides and rock falls along walls of east-flowing 
(rightward in photograph) tributary to Whitewater canyon. The tributary canyon is the trace 
of the Banning fault. e: Ridge-crest extensional fracture having downslope (to the left) 
displacement. Plate 2a shows features at the base of this slope. f: Ground surface of 
shattered ridge composed of unconsolidated spoil from excavation of Colorado River aqueduct. 
In addition to the large fractures visible, the entire ground surface has been totally 
disaggregated and appears churned. 



having shattered tops lack associated down
slope evidence of landsliding. 

Shattered ground in man-made fill was 
common west of Painted Hills, where a segment 
of the Colorado River (Metropolitan Water 
District) Aqueduct crosses the trace of the 
Banning fault at an acute angle. The aque
duct is paralleled by a discontinuous line 
of ridges composed of the uncompacted spoil 
from the aqueduct excavation. Several of 
these ridges were extensively shattered; the 
ridge tops consist of a nearly equant mosaic 
of blocks as small as 10-20cm on a side (PI. 
If). These blocks were in a state of loosely 
aggregated disarray and were separated by 
thin (1-1 Omm) zones of more fine-grained 
material. In many places, this shattered 
ridge-top material resembled plowed ground; 
footsteps through it sank as deep as 8cm. 

A noticeable effect of ridge-top shatter
ing was flattening of ridge tops. In a few 
places, a broad, shallow ridge-top depression 
formed along the ridge axis. 

Linear compressional f ea tures, orien ted 
approximately parallel to topographic con
tours, formed at and below the bases of and 
out from many slopes, particularly those 
below shattered natural ridges. In most 
cases, the surface of slopes between the 
fractured ridge tops and the compressional 
features near the base appear to be un
deformed. Compressional f ea tures incl uded 
"mole tracks" and thin, discrete thrusts 
showing a few millimeters to a few centi
meters displacement (PI. 2a). Diffuse zones 
of disaggrega ted material, suggesting com
pressional bulging, were common on the looser 
slopes of some of the ridges of aqueduct 
spoil. In one place, an elliptical hill 
beside the trace of the Banning fault is 
crossed by fractures preferentially oriented 
parallel to the fault and at a moderate angle 
to the long axis of the hill. Compressional 
thrusts ring the hill top, 2 to 3 m below the 
top. 

Downslope deformation on gentle slopes is 
best developed where Highway 62 and Worsley 
Road (29 Palms Highway) cross the trace of 
the Banning fault (Figure 2). The road fill 
across the trace of the Banning fault slopes 
gently to the south-southeast on the east 
side of Highway 62. The displacements on 
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cracks in the pavement and road fill 
indicated downslope movement to the south
southeast and right-lateral displacement in 
the fill-faces on both sides of the highway. 
The upper part of the fill contains five 
extensional fractures oriented normal to the 
highway, and a single compressional fracture 
was located downslope, near the southern end 
of the fill. The displaced pavement blocks 
rotated slightly to create right-lateral 
cracks having cumulative offset of 9.7 cm, 
which creates the illusion of a sizable 
right-lateral offset on the Banning fault 
(PI. 2b). In the natural alluvium adjacent 
to the road fill, cracks were more numerous 
and the cumulative lateral displacement more 
ambiguous. 

Abundant extensional cracks occur from 
Highway 62 to about 700m east of Worsley 
Road, where the trace of the Banning fault 
traverses the south face of a southeast
trending ridge (Clark, 1984). The south
facing scarp consists of a series of 
topographic steps up to the north. Series of 
extensional cracks extended along each riser 
crest, and one or more thrusts were present 
along the toes of the risers or on the near 
parts of the step below. 

The fracturing and landsliding described 
in this section lies in a linear zone along a 
9km length of the Banning fault trace about 
6km south of the mainshock epicenter (Fig. 
1). No other linear concentrations of frac
tures or landslides were observed between 
this zone and the epicentral area, even 
though the strength of the surficial 
materials and the distribution of steep, 
moderate, and gentle slopes are virtually the 
same. The occurrence of these deformational 
features near the fault trace indicates an 
abrupt decrease in ground disturbance a way 
from the trace. 

The location of a man-made drainage chan
nel parallel to and about 10m west of Highway 
62 (Fig. 3) allowed us to quantify this 
abrupt decrease in slope failures away from 
the trace of the Banning fault. The channel 
is nearly perpendicular to the fault trace 
and uniformly excavated in surficial alluvium 
consisting of cobbly, silty sand having 
homogeneous physical properties within at 
least a few hundred meters of the fault 
trace. Before the earthquake, three pre-
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Figure 3: Area where the Banning fault trace 
crosses a drainage channel adjacent to 
California Highway 62. Dashed lines indicate 
boundaries of the zone of fracturing along 
the fault; the banks of the drainage channel 
are shown by a heavy, solid line where ver
tical, dotted line where non-vertical; 
hachures show failed sections of vertical 
channel bank. Con tours in meters above mean 
sea level; interval is 6 m. Localities of 
photos in plate 2 (d-f) are indicated. 

served segments of the east bank of the 
channel had vertical faces I-2m high. These 
three segments extended discontinuously from 
within the zone of fracturing along the 
Banning fault trace to about 215m south of 
the fracture zone; this provided an area of 
uniform material and slope geometry to com
pare the degree and extent of bank failures 
at different distances from the fault trace. 

The northernmost of the three channel-bank 
.segments is about 45 m long (Fig. J) and 
extends from within the projected fracture 
zone along the Banning fault trace to about 
25m south of the fracture zone. The bank 
failed along this entire segment; the 
failures extended about I-2m behind the crest 
of the bank (PI. 2c). The failed material 

was almost entirely disaggrega ted. 

The middle channel-bank segment is about 
85m long and extends from about 30m to 115m 
south of the fracture zone (Fig. 3). About 
two-thirds of this segment of channel bank 
failed during the earthquake. The failures 
extend only about O.5m behind the bank crest, 
and the material is only partly disaggregated 
(PI. 2d). 

The southern channel bank segment is 70m 
long and extends from a bou t 145m to 215m 
south of the fracture zone (Fig. 3). About 
one-third of this segment of channel bank 
failed, and the failures are smaller and less 
disaggregated than those of the other two 
segmen ts (PI. 2e). 

The differing extent, size, and degree of 
disaggregation of these bank failures 
indicate the short distance over which ground 
failure decreases away from the fault-trace 
fracture zone. 

GROUND FRACTURES AND LAND
SLIDES ON SLOPES OVER 200m 
FROM THE, BANNING FAULT , TRACE 

More than about 200m from the trace of the 
Banning fault, nearly all fractures appear 
rei a ted to downslope movement. Where slopes 
are moderate to gentle, landslides and 
associated cracks are abundant only within a 
few hundred meters of the Banning fault 
trace. Where slopes are moderate to steep, 
landslides and related cracks are common over 
a much wider area. East of Whitewater 
Canyon, slope-movement fractures are common 
to a bundan t in a zone a bou t 1 km wide. 
However, abundant cracks and landslides were 
present on the steep walls of Whitewater 
Canyon in a zone about 6km wide straddling 
the trace of the Banning fault. 

Ground fractures and landslides farther 
than 6km from the Banning fault are common 
only along very steep canyon walls and stream 
banks. Ground fractures in alluvial stream 
banks were generally oriented parallel to 
free faces. The fractures along bank crests 
are generally oriented parallel to bank 
crests. Where crests are linear, cracks were 
parallel to the crest and linear. Where 
crests are irregular, cracks tended to be 
segmented and to have irregular traces nearly 



parallel to the crest irregularities. Ex
tensional cracks, locally showing a few 
cen timeters of normal displacemen t, occur 
singly and in closely spaced groups, located 
within a few meters of the upper edge (crest) 
of banks. A t a few locali ties, cracks 
occurred as far as 200-300m back from a free 
face. 

Extensional crown fractures, showing 
vertical displacement with the bank-face side 
down, are most common in alluvial stream 
banks. On banks having only a few fractures 
and little vertical displacement (e.g. lcm), 
compressional deformation features were 
generally not visible on the downslope bank 
face. Where extension fractures are common 
above the upper edges of banks, deformation 
was also generally visible on the bank face 
as one or more compressional fractures or 
zones of disaggregation. Where extensional 
fractures are abundant along the crest of a 
bank, small compressional bulges, mole 
tracks, and thrust features are common near 
the bases of the banks. Only a few bank
crest fractures that showed a few centimeters 
of vertical displace men t along the crest had 
visible compressional features at the toe of 
the bank, 10-12m below the crest. As in the 
case of the fractured ridge tops, some 
compressional deformation occurred on gently 
sloping surfaces below the toes of the steep 
bank faces. 

Three sets of fractures in Whitewater 
Canyon (Fig. 2), two associated with and sub
parallel to channel or terrace banks within 
the canyon, and one along a bluff on the 
east side of the canyon, are present between 
the Banning fault and the Garnet Hill fault. 
In this area, the eastern side of the canyon 
is marked by a bluff about 80m high, formed 
by erosion of poorly indurated gravel, which 
have a relatively gentle depositional sur
face. Tension cracks, oriented approximately 
parallel to the edge of the bluff and 
generally located no more than a few meters 
east of the edge, are nearly continuous from 
the Banning fault south to Interstate 10. 
This part of the bluff is also marked by 
abundant rock falls, which noticeably 
increased the sizes of pre-existing tal us 
cones. Some of the rock falls may reflect 
compressional bulging of the lower face of 
the bluff; however, no other visible evidence 
of downslope compression was found. 
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In the same reach of Whitewater Canyon, 
two other sets of nearly continuous fractures 
were seen to follow the upper edges of 
terraces that are 1m to 7m high, and cut into 
poorly indurated gravel deposits within the 
canyon floor. Extension fractures above and 
near the edges of the banks of these terraces 
were generally found to be paired with 
compressional features in the bank faces or 
a t the toes of the steep banks. 

On the western shoulder of Whi tewa ter 
Canyon, about 200m above the canyon floor, 
landslides and discontinuous fractures, 
approximately parallel to the canyon wall, 
were present between the Banning fault and 
the Garnet Hill fault. Landslides in the 
unconsolidated to poorly consolidated fan
glomerate materials included discrete 
rotational slumps that were found to have 
displacemen ts as large as a few meters. 
These rotational slumps are most abundant in 
the southern half of this reach, and their 
crown fractures generally extend to within a 
few tens of meters of the edge of the 
shoulder. 

In the northern half of the reach, the 
most abundant landslides are debris slides 
that are situated in steep ravines tributary 
to the main canyon. Extension fractures 
parallel to the shoulder are generally small 
and discontinuous in the northern half, 
except for the zone within a few tens of 
meters of the trace of the Banning fault. 

Between Whitewater Canyon and the canyon 
of Super Creek (Fig. 2), intensely shattered 
ridges were commonly encountered in a zone 
500-600m wide straddling the Banning fault. 
The ground failures are present in both the 
well-indurated Painted Hill Formation (Plio
cene) and the semi-consolidated Pleistocene 
gravels. Some hillsides are pervasively 
fractured over areas as large as 200m by 300m 
and have open cracks spaced at O.Sm to 2m 
intervals. Fractures and landslides were 
also found to be very common along some 
relatively low (7-10m high) stream banks. 
Fractures occurred as far as 60m back from 
the upper edge of the bank; but they were 
more abundant and more closely spaced closer 
to the edge of the bank. The ground 
displacements included fractures that cut 
through some of the concrete foundations for 
power-generating windmills. 
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GROUND FRACTURES AND LAND
SLIDES ALONG THE GARNET 
HILL FAULT TRACE 

Extensional and compressional fractures 
occur in alluvium and asphalt along the 
pre-July Sth scarp of the Garnet Hill fault 
at the mouth of Whitewater Canyon. The 
frequency of fractures is a function of the 
strength of the material that fractured. 

Extensional fractures were readily visible 
on three asphalt roads that cross the scarp. 
All three roads are broken by three or more 
extensional fractures, roughly aligned with 
the crest of the scarp, in the upper to 
medial parts of the scarp and by a single 
compressional fracture or buckle near the toe 
of the scarp. The best developed set of 
fractures consists of five extensional 
fractures distributed over a 42m section of 
the upper and medial part of the scarp. The 
aggregate extension of the five breaks was 
4.S-S.4cm. The single compressional fracture 
(PI. 2f), located 16.Sm downslope from the 
nearest extensional fracture, showed Scm of 
shortening. 

In contrast are numerous fractures across 
a road on compacted alluvium crossing the 
Garnet Hill fault scarp a short distance east 
of the asphalt roads. Fractures crossing the 
compacted alluvium are both more numerous and 
more closely spaced than those in the asphalt 
roads. A zone through the alluvium about 40m 

wide contains at least 36 clearly developed 
fractures, 31 of which are extensional. The 
extensional fractures are located on the 
upper and medial parts of the scarp. Five 
fractures, all located on the lower part of 
the scarp face, are compressional. Away from 
the road crossings, fractures associated 
with the Garnet Hill fault scarp are much 
less apparent and less continuous, which 
could reflect a more brittle response by the 
compacted road surfaces, contrasted with 
intergranular deformation in the less well 
consolidated, cobbly to bouldery alluvium. 

A few tens of meters north of the Garnet 
Hill fault scarp, two asphalt roads on man
made fill displayed clusters of extensional 
and compressional fractures similar to those 
at the scarp itself. These fractures ex
tended across segments of roads that led 
downslope into a sand-and-gravel borrow pit 
over slopes similar to those that mark the 
scarp of the Garnet Hill fault. The frac
tured segments of the roads are oriented at a 
high angle to the fault scarp. 

GROUND FRACTURES AND LAND
SLIDES ALONG THE MISSION 
CREEK FAULT TRACE 

Fractures along the trace of the Mission 
Creek fault (Fig. 1), break the asphalt of 
California Highway 62 in a zone less than 
100m wide. In the southbound lanes of the 
highway, three cracks have a cumulative 

PIa te 2 (Facing page) a: Compressional thrust f ea ture at the base of a ridge near the 
Banning fault trace (vertical black bar in center of photograph is a pencil). Plate Ie shows 
shattered ground developed on the top of this ridge. b: Cracked pavement where the Banning 
fault crosses 29 Palms Highway. The cumulative right-lateral offset of the pavement 
(exaggerated by rotation of the blocks) was much greater than the actual right-lateral 
displacement along the surface trace of the fault. c: Part of northern segment of vertical 
channel bank nearest to fault trace. This entire segment failed; failures extended 1-2 m 
behind the crest of the bank and were highly disaggregated. d: Part of medial segment of 
vertical channel bank. About two-thirds of this segment failed; failures extended about 
O.S m behind the crest of the bank and were only partly disaggregated. The apparent 
difference between the grain size of the failed and unfailed alluvium is a result of 
weathering on the unfailed material exposing pebbles which are not readily visible on the 
unweathered new faces. e: Part of southern segment of vertical channel bank farthest from 
the trace. Only about one-third of this segment failed; the failures were smaller and 
shallower than those of the other two segments. f: Compressional bulge (tenting), of 
pavement along the trace of the Garnet Hill fault at the mouth of Whitewater canyon. About 
Scm of compressional shortening is present here. Five extensional fractures upslope showed 
aggregate extension of 4.S-S.4cm. 



left-lateral offset of 2cm. No similar off
set was found on the northbound lanes of the 
highway. Restriction of the offsets to the 
sou th bound lanes suggests they resulted, at 
least in part, from downslope deformation of 
the roadfill, which is thicker under the 
newer, southbound lanes. 

The origin of the small, open fractures 
extending discontinuously about lkm to the 
west and about 300m to the east of the high
way is less clear. These fractures cross 
terrain that includes both natural and graded 
gra vel and sand; this terrain has very low 
relief below the steeper south-facing valley 
wall that probably marks the degraded scarp 
of the Mission Creek fault. In most places, 
these fractures are hairline thin and, 
although no unequivocal evidence of offset 
sense was observed, all observations were 
consistent with left-lateral movement. 

Almost no fractures parallel or sub
parallel to the Mission Creek fault were 
found in the steeper terrain north of the 
scarp, except for a shattered ridge in 
gneissic bedrock about 300m east of the 
intersection of the fault and Highway 62. 
The ridge generally trends N35E. Most of the 
fractures on the southwest side of the ridge 
strike about N70E; progressively northward, 
fractures strike nearly parallel to the 
ridge. 

LANDSLIDES A WAY FROM 
FAULT TRACES 

Seismic shaking from the main shock and 
large aftershocks triggered numerous land
slides, chiefly debris slides and rock 
falls, over at least 600 square kilometers 
centered roughly between the earthquake 
epicenter and the Banning fault. Peripheral 
to this area, earthquake-triggered landslides 
were present but uncommon to rare in an 
area as large as 3,000 square kilometers. 
Landslides are most common where slopes are 
steep and earth materials are weak (e.g. un
consolidated sedimentary deposits or 
brecciated metamorphic and igneous bedrock). 
The effects of these slope movements range 
the full spectrum from discontinuous ex
tension fractures showing displacements of 
less than a millimeter to discrete landslide 
masses that moved more than a meter. Rock 
falls and debris slides moved as much as a 

North Palm Springs 191 

few hundred meters. 

Landslides are most abundant in the 
vicinity of the Banning fault. East of 
Whitewater Canyon, rock falls and debris 
slides occurred on steep slopes in the 
brecciated rock along the Banning fault 
nearly continuously on July 8, following the 
mainshock. Along the near-vertical east wall 
of Whitewater Canyon, between the Banning and 
Garnet Hill faults, numerous rock falls 
resulted in rapid, nearly uniform growth of 
the talus apron that extends along the full 
length of that segment of the canyon wall. 
North of the Banning fault, landslides are 
common along the cliff -like east wall of 
Whitewater Canyon, particularly near the 
trac(~ of the north-trending Whitewater fault. 
Debris slides and rock falls were also common 
in the South Fork and the Middle Fork of the 
Whitewater River, especially at the head of 
the canyon. 

Sou th of San Gorgonio Pass, in the San 
Jacinto Mountains, landslides were partic
ularlly widespread in the granitic and 
gneIssIC rock in the middle and upper reaches 
of Chino Canyon. For most of its length, 
Chino Canyon took on a pervasive grayish 
color fronl the accumulation of dust derived 
fronl the slides. Rock falls originated at 
elevations of at least 3,OOOm in the upper 
reaches of Snow Creek, on the north side of 
Mount San Jacinto. A wildfire we observed 
burning near the crest of Cabazon Peak, 
northwest of Mount San Jacinto, in the early 
morning hours of July 8 was reported by the 
news media as having been started by rock 
falls and (or) slides triggered by the 
earthquake. 

DISCUSSION AND CONCLUSIONS 

The large variety of fractured ground 
produced by the North Palm Springs earthquake 
showed relatively consistent relationships to 
the pre-existing landforms. Most of the 
fracltures probably resulted from downslope 
displacement. Many landslides, undoubtedly 
triggered by strong earthquake shaking, 
occurred over 3,000 square kilometers. 
However, landslides, fractures resulting from 
downslope extension and compression, and 
shattered ridges are anomalously concentrated 
in a narrow, well defined, linear zone along 
approximately 9km of the Banning fault trace. 
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Figure 4: Idealized representation of seismogenic rupture plane for the 
July 8 earthquake (shaded H!ctangle) relative to the mapped traces of 
faults on the ground surface. The fault is estimated to dip 50 degrees 
north. The slip vector (the motion of the hanging wall rela ti ve to the 
foot wall) is estimated to be at an angle of 152 degrees. Star indicates 
the earthquake hypocenter. 

Strong shaking alone does not appear to 
account for this anomalous concentration of 
fractures along the fault trace. 

High fracture concentration on shattered 
ridge tops may have resulted from topographic 
amplification of seismic waves (see., for 
example, Boore, 1972). Shattered ridge tops 
similar to those formed during the North Palm 
Springs earthquake were abundantly devdoped 
in the 1971 San Fernando, California earth
quake (Oakeshott, 1975) and also formed in 
poorly indurated materials during the 1969 
Borrego Mountain, California, earthquake 
(Castle and Youd, 1972). Repeated shattering 
of ridge tops may be one process by which 
ridge-top trenches and side-hill trenches 
develop in seismically active areas. 

Some of the fractures along the trace of 
the Banning fault show consistent but barely 
measura ble righ t-Ia teral offsets where 
evidence of downslope displacement is absent. 
These lateral offsets have been attributed to 
sympa the tic tectonic surface rupture along 
the Banning fault by Rymer and others (I986), 
however, they represent only a small pro
portion of the fractures that occur in a zone 
only a few hundred meters wide on either side 

of the Banning fault trace. Although most 
of the fractures in this zone show 
characteristics attributable to downslope 
gravitational movement, they also show strong 
pref eren tial orientations to slopes that are 
parallel or subparallel to the trace of the 
fault. 

The distribution of vertical bank failures 
along the drainage channel adjacent to 
Highway 62 documents an abrupt decrease in 
the size, extent, and amount of earthquake
induced disaggregation away from the trace 
of the Banning fault. These failures are 
similar to tensile fail ures in weak, 
brittle, surficial materials forming steep 
slopes that have been attributed to strong 
shaking during other earthquakes. If the 
nearly logarithmic decrease in numbers of 
bank failures a way from the fault trace, and 
the narrow, linear zone of fracturing and 
landsliding along 9km of the Banning fault, 
resulted solely from variations in ground 
shaking, then (1) the strongest shaking 
produced by the July 8 earthquake was 
concentrated in a very narrow zone along the 
fault trace, and (2) the ground shaking 
attenuated so abruptly within about 200m of 
the trace that it did not trigger slope 
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Instrumen tal recordings of ground motion 
indicate a wide variation in ground shaking 
between the epicenter and the trace of the 
Banning fault. For example, a OAg vertical 
acceleration was recorded on alluvium at the 
Whitewater Trout Farm, about 6km west of the 
epicenter; a 0.8g vertical acceleration was 
recorded on alluvium at North Palm Springs, 
10km southeast of the epicenter. This surface 
pattern indicates that surface shaking was 
strong over a large area, consistent with 
seismogenic rupture at a focal depth of 
llkm. There is no instrumental evidence that 
strong shaking was concentrated in a narrow 
linear zone along the fault trace. Although 
shaking might be expected to be slightly 
greater along the surface trace of a fault, 
there are no geological or geophysical 
reasons to expect strong shaking to be 
highly concentated there, and attenuate 
precipitously away from that trace, the less 
so if the fault is dipping at a low or 
modera te angle. 

An alternative to strong shaking as a 
cause for the localization of ground failure 
along the traces of the Banning and Mission 
Creek faults involves the change in the 
static stress field caused by buried fault 
movement during the earthquake. Seismo
logical studies of the earthquake based on 
analyses of aftershock locations (Fig. 5a) 
(Given, 1986; Jones et al., 1986; Nicholson 
et ai., 1986), teleseismic wa ve-f orm model
ling (Pacheco and Nabelek, 1986; Mendoza and 
Hartzell, 1987), and modelling of horizontal 
deformation (Lisowski and Gross, 1987) 
suggest that actual movement on the fault 
during the earthquake was confined to a depth 
interval from about 4-14km on a surface 
dipping a bou t 50 degrees to the north. 
Displacement on this surface is estimated to 
have been about 0.2m; the slip angle of the 
hanging wall was 152 degrees (diagram
matically shown in Fig. 4). Nothing from 
the seismological analyses indicates that 
the fault rupture during the main shock 
extended to the earth's surface. 

The change in the stress field caused by 
this displacement can be calculated using 
techniques based on elastic dislocation 
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theory (Iwasaki and Sato, 1977). These 
calculations indicate that if the near
surface parts of the active Banning and 
Mission Creek faults are weaker than the 
surrounding material, then the change in the 
stress field associated with the buried 
mainshock faulting may have triggered slip on 
the surface parts of these faults. 

Figure 5b shows the change in the horiz
on tal shear stress, resol ved on to planes 
striking N72W and dipping 40 degrees north, 
tha t we calculate f or the idealized su b
surface rupture shown in Figure 4. The 
selected orientation approximates most close
ly the stress change on the average 
attitudes of the upper parts of the Banning 
and Mission Creek faults in the areas where 
cracks were observed. As seen in Figure 5b, 
the sense of displacement of the observed 
cracks (right-lateral on the Banning fault, 
left-lateral on the Mission Creek fault) 
agrees with the calculated sense of the 
shear-stress change from the main shock. 
The calculated stress change is on the order 
of 1 bar, sufficient for about Imm of dis
placement on a frictionless crack extending 
100m down the dip of a N72W /40N plane. 

If the observed cracks along the Banning, 
Mission Creek, and Garnet Hill faults 
represent shallow slip (100m and less depth) 
on weak surfaces in response to the stress 
change associated with the buried faulting 
(II km depth) during the main shock, then the 
elastic fields associated with these cracks 
may have played a role in localizing other 
kinds of surface ground failure in their 
vicinity. The very dry, brittle desert 
mat(~rials in the vicinity of the shallow 
fault rupture could have failed in response 
to changes in the static stress (or strain) 
field associated with the shallow cracks, 
which led to a localization of landsliding 
and other ground failure near the shallow 
surface faulting. 

We conclude that the linear zones of 
ground fractures and landslides along the 
surface traces of the Banning, Mission Creek, 
and Garnet Hill faults represent a localized, 
surficial response to the static shear strain 
indlllced near the fault trace by seismogenic 
faulting at depth, and that the pattern and 
extent of the fractures formed in response 
to this coseismic def orma tion were 
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Figure Sa: Map view of surfac;e traces of faults, epicenters of aftershocks, 
surface projection of idealized rupture plane (large rectangle), and mapped 
zones of cracks (heavy dashed lines). Symbols indicate estimated depths 
of aftershocks: 0-5km (crosses), 5-10km (squares), greater than 10km 
(diamonds). Small rectangle shows area of Figure 2. 

exacerbated -- but not initially caused -- by 
strong shaking. These fractures, which we 
model to extend to a depth of 100m and less, 
are tectonic only in the sense that they are 
genetically related to tectonic faulting 
(seismogenic rupture) that was restricted to 
a depth of 4-14km, but not in the sense that 
the fractures extend continuously to connect 
at depth with the seismogenic rupture (Wesson 
et al., 1986). 
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PREFACE 

The following text reproduces verbatim the geological report sub
mitted to San Bernardino County concerning the Whirlaway Lane landslide, 
west of Chino. It is intended to serve as an example of an investigation 
conducted after a disastrous slope failure within a housing tra.ct. The 
purpose of such a report is to determine the limits and probable cause of 
the failure and to recommend a mitigation strategy. The text of the origin
al report has simply been reformatted to fit this volume; figure captions 
indicate where cropping or simplification has been necessitated by the new 
format. 

Jan. 19, 1979 Project No. 1414-2 

County of San Bernardino 
Environmental Improvement Agency 
Environmental Analysis Division 
1111 East Mill Street, Building 1 
San Bernardino, California 92415 

Subject: Geotechnical Investigation of March 
4, 1978 Landslide, Tract No. 9070, Whirl
away Lane, West of Chino, California. 

In accordance with your request, we have 
conducted a geotechnical investigation of the 
landslide that occurred on March 4, 1978, 
south of Whirlaway Lane, near Chino, Califor
nia. The purpose of our in vestiga tion was 
to determine the configuration, potential 
limits and probable cause of the landslide 
and provide recommendations for mitigating 
future damage from the 1978 slide. The scope 
and extent of the investigation we were able 
to perform was limited and hampered by cur
rent litigation between the various parties 
involved with the landslide and their unwil
lingness to provide information or previous 

geotechnical data obtained through on-going 
and previous studies by other firms. A pre
liminary summary of the resul ts of our in ves
tigation, based on surficial geologic map
ping, was presented in our letter dated Oct. 
26, 1978. 

In conjunction with our investigation, our 
soils engineering consultant? John R. Byerly, 
Inc., was utilized to provide engineering re
commendations. Their report dated January 9, 
1979 is to be considered part of this report 
and is attached. 
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LANDSLIDE HISTORY 

On March 4, 1978, a significant landslide 
occurred in the slope immediately south of 
the residences located on Lots 6 through 12 
of Tract 9070, south of Whirlaway Lane. The 
landslide completely destroyed the residences 
on Lots 9 and 10 and evacuation of four ad
ditional residences was required by the 
County of San Bernardino. After cessation 
of significant movement of the slide, the 
resident of Lot 11 moved back in. Construc
tion of the residences was apparently com
pleted during 1977. The initial indicator 
of an impending slide was apparently the 
sudden existence of a hairline crack observed 
in the residence on Lot 9, approximately 2 
weeks prior to failure of the slope. Most of 
the movement within the landslide apparently 
took place within 8 to 24 hours after initial 
downslope movement. 

The history of the site is somewhat com
plex. Initial grading took place on a por
tion of the tract in the late 1960's. Up to 
two periods of lesser grading may have oc
curred on the tract or immediate area prior 
to mass grading of the site during 1976 and 
1977 for the current Tract 9070. Grading 
operations conducted prior to 1971 were ap
parently conducted without the benefit of 
soils engineering or engineering geology in
formation and inspections. No records exist 
of the amount of fill placed or investig
ations conducted on those sites prior to that 
time. 

Previous geology and soils investigations 
have been conducted for Tract 9070 since 
1971. Marion Ely, earth scientist with the 
County of San Bernardino, Environmental Im
provement Agency, supplied us with copies of 
earlier reports prepared by Geotechnical Con
sultants, Inc. Most of the reports provided 
us were incomplete copies and two reports of 
particular interest were not a vaila ble and 
could not be obtained due to the litigation 
currently in progress concerning the 1978 
landslide. Lack of these two reports hinder
ed us in evaluating the actual role that pre
vious geotechnical work played in the area of 
the March 4, 1978 landslide. Some remedial 
measures may have been undertaken in the cut 
slopes where the 1978 landslide occurred but 
could not be documented in our investigation. 
These two reports were "Summary of 

Geotechnical Findings During Grading of North 
Facing Cut Slope Above Lots 1 Through 14, 
Tract 9070" dated January 3, 1977 by Geo
technical Consul tan ts, Inc. and a report 
probably dated May 24, 1976 by Geotechnical 
Consultants, Inc. 

Previous reports by Geotechnical Consult
ants indicated the existence of a landslide 
in the approximate area of the March 4, 1978 
landslide. The limits of the old landslide 
as mapped by Geotechnical Consultants were 
farther north (downhill) from the area where 
the March 4, 1978 landslide occurred. A 
report dated February 8, 1977 by Geotechnical 
Consultants entitled, "Geotechnical Control 
of Grading of Tract 9070 and 9071, Chino, San 
Bernardino County, California" indicated 

"a IS-foot-wide compacted fill but
tress with a key extending a minimum 
of 2 feet below the lowest adjacent 
grade was constructed along portions of 
the north facing cut slope above Lots 
8 through II, Tract 9070. The but
tress was constructed to stabilize the 
ad versel y oriented geologic structure." 

The exact limits and location of the bu t
tress were not indicated on any of the plans 
provided us. 

Failure of the 1978 landslide essentially 
occurred along the toe of a cut slope south 
of Lots 9 and 10. The toe of the slide 
occurred at the pad elevation of Lot 10 with 
the slide moving downhill and horizontally 
across Pad 10, destroying the residence on 
that lot. The failure plane under Lot 9 was 
slightly deeper than the toe of the cut and 
slight rotational movement occurred, with 
the toe of the slide moving vertically up 
under the southern half of the structure. 
The rest of the failure appears to have oc
curred at the elevation of the toe of the cut 
slope. 

SITE INVESTIGATION 

Our investigation included geologic map
ping of the landslide and immediately sur
rounding area. Subsurface conditions on the 
landslide and nearby areas were explored by 
excavation of 10 test borings with a truck
mounted bucket auger. All 10 borings were 
geologically logged by our firm. Eight of 
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the test borings were also logged by the 
Soils Engineer, with undisturbed samples 
obtained and returned to the laboratory for 
testing. All 12 borings were logged in 
detail, with particular attention paid to 
bedding plane attitudes, existence of old 
landslide planes, and the presence of mois
ture or water seepage. Our subsurface inves
tiga tion was Hmi ted to the March 4, 1978 
landslide and immediately adjacent area, ex
cept for one boring placed south of Carbon 
Canyon Road, which was placed to try to 
determine whether that area is part of an 
ancient landslide. The locations of our 12 
borings are shown on the geologic map (Plate 
1). The geologic logs of borings are shown 
on our Enclosure 2. Density and moisture 
data from the samples obtained by the Soils 
Engineer are presented as Enclosure 6.2 of 
the Soils Engineer's report. 

In addition to our field work, our invest
iga tion included review of stereoscopic 
aerial photographs flown in 1928, 1937, 1939, 
1946, 1949, 1951, 1966, 1972, and 1978; re
view of pertinent geologic literature and 
maps; review of stereoscopic aerial photo
graphs specifically flown for this investig
a tion and for the pre para tion of a detailed 
topographic map (Plate 1); and review of 
available previous geotechnical reports com
pleted on the site and nearby areas. A list 
of references is enclosed (Enclosure 2). 

SITE GEOLOGY 

Tract 9070 lies along the north flank of 
an east-west trending ridge in the Puente 
Hills. Carbon Canyon Road forms the northern 
boundary of the tract. A major, east flowing 
drainage is located approximately 1,700 feet 
north of the tract. Smaller tri bu taries 
(northeast flowing drainages) exist closer to 
the tract, and (prior to grading) one smaller 
drainage passed through the northeastern por
tion of the tract. Some of these drainages 
probably played a key role in the geologic 
past in contributing to major landsliding in 
the area. Natural slopes on the site origin
ally varied from approximately 3.5:1 to 4:1 
(horizontal to vertical). Most of the cut 
slopes were created at inclinations of 1.5:1 
(horizontal to vertical). 

The entire tract is underlain by the 
Puente Formation of upper Miocene age. The 

bedrock observed on the site has been mapped 
as the Yorba member of the Puente Formation 
(Durham and Yerkes, 1964). The Yorba member 
is a moderately bedded siltstone and clay
stone with interbedded, very thin, poorly 
cemented sandstone. Significant amounts of 
the siltstone and claystone are diatomaceous 
and some secondary gypsum was also observed 
on the site. The bedrock structure in the 
area is characterized by a broad, eastward 
plunging syncline bordered on both sides by 
sharp (possibly faulted) anticlines. The 
northern anticline is referred to as the 
Carbon Canyon anticline. The Arnold Ranch 
fault, south of the tract, has apparently 
developed along the southern anticline. Most 
of Tract 9070 is located along the trough or 
axis of an eastward plunging syncline (En
closure 4). The flanks of the syncline tend 
to have much steeper bedding dips than the 
trough and typically the dip (inclination of 
bedding planes) becomes steeper toward the 
south, away from the axis of the syncline. 

The Yorba member of the Puente Formation 
is characterized by numerous landslides 
throughout the Puente Hills. The bedding 
plane orientations and thin-bedded nature of 
the claystone and siltstone of the Yorba mem
ber have resulted in numerous areas where 
bedding has been inclined and subsequently 
had support removed below the bedding planes 
by erosion and incision of drainages; this 
results in major landslides on the natural 
slopes. Grading opera tions by man have 
created similar situations at a much more 
rapid rate. Typically, where a cut slope in 
this member results in unsupported bedding 
coming out of slope, a potential landslide 
condi tion is created. 

Observation of the aerial photographs in
dicate there are two large, ancient land
slides in the immediate vicinity. These two, 
ancient, massive landslides are shown on the 
200-scale geologic map (Enclosure 5) and 
probably both occurred at approximately the 
same time. The western landslide includes 
the area of the 1978 landslide. The exact 
date of these ancient landslides is not 
known; based on their geomorphic expression, 
the depth of weathering, the amount of alluv
ium deposited on their toes, and their 
physiographic expression, however, it seems 
likely that they occurred during the last 
period of in tense precipi ta tion during late 



Pleistocene time and the lowest stage of sea 
level prior to Holocene time (approximately 
17-20,000 years ago). 

The lowering of sea level and resultant 
lowering of the effective base level of 
land, together with the greater rainfall at 
that time, probably resulted in significant 
incision of the drainages along the north 
side of Carbon Canyon Road. The incision of 
these drainages would have removed support 
below inclined bedding planes in the vicin
ity. These two factors (removal of support 
and greater rainfall) probably triggered the 
two ancient, massive landslides. Subsequent 
raising of the sea level and the considerably 
drier climate of today has resulted in depos
i tion of alluvial materials across the toe of 
the ancient landslides; both of these massive 
landslides are apparently stable in their 
current configuration. However, subsequent 
small landslides have apparently occurred 
within the massive slides and any grading or 
change in configuration from the normal 
conditions can result in renewed land
sliding. 

The exact northern limits of these two 
ancient landslides is not precisely known as 
grading of Carbon Canyon Road together with 
burial of the toe of the slide by depos
ition of alluvium along ancient drainages has 
obscured evidences of the toe. However, the 
approximate limits shown on Enclosure 5 are 
our best estimate of the limits of the 
ancien t landslides, based on the location of 
existing drainages, together with the locat
ion of the northeast trending ridge immed
iately north of Carbon Canyon Road. Both 
geologic observations and the slope stability 
analysis by the Soils Engineer of the western 
ancient landslide suggest that this massive 
landslide is stable in its current configur
a tion. However, additional eva I ua tion should 
be made of the western and southern portions 
of this landslide as borings were not placed 
in those areas; thus the exact configuration 
of the landslide is not precisely known for 
determina tion of slope sta bili ty there. 
Smaller failures within the ancient land
slide, similar to that which occurred in 
1978, are more likely to occur than renewed 
movement of the ancient massive slide. 

The approximate boundary of the western, 
ancient landslide is fairly well defined by 
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the anomalous bedding attitudes that exist 
within the landslide compared to the more 
consistent, regional bedding attitudes adjac
en t to the ancient landslide. The southern 
limit of the ancient landslide has been ex
tended to approximately Terrace Drive on our 
geologic map (Enclosure 5), based primarily 
on bedding attitudes measured by Geotechnical 
Consultants (as shown on Geotechnical Consul
tants reports), which are clearly anomalous 
relative to the regional bedding attitudes 
measured during our in vestiga titon. The area 
along Terrace Drive has been graded, and 
there is currently no expression of the 
sou thern limits of the ancient landslide. 

The eastern, ancient landslide was primar
ily identified by interpretation of aerial 
photographs. Investigation of this slide was 
beyond the scope of this in vestiga tion, and 
its existence was not known prior to our 
investigation. An evaluation of the eastern 
landslide should be made before additional 
construction in that area, as pads have 
been graded above it for future residential 
structures near the head of the slide along 
Terrace Drive. 

Data was obtained on the western landslide 
because the 1978 landslide occurred coincid
ent with and along the east flank of the 
ancient landslide. A significantly arcuate 
drainage was observed on the aerial photo
graphs near the western limits of the ancient 
landslide. This arcuate drainage would be 
within the area currently occupied by Lots 
17, 18, 19 and 20. During grading of Tract 
9070, Geotechnical Consultants indicate in 
their report dated February 8, 1977 that 
"deep removal of soft compressible soils" 
took place in that area. The location of the 
arcuate drainage was apparently controlled by 
the west side of a large landslide block (ap
proximately 375 feet wide), whose center 
originally appeared as a topographic knob in 
the central portion of the ancient landslide. 

OLD LANDSLIDE 

Another major landsliide apparently occur
red along the western portion of the "an
cient" landslide as identified in the Geo
technical Consultants reports. A bore hole 
log for one of their investigations indicated 
a slide plane at a depth of approximately 26 
feet within the western portion of the "an-
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cien t" slide. An old slide plane wi thin this 
area was also indica ted in borings by our 
investigation, and the old slide plane was 
exposed within the scarp of the 1978 land
slide in the southeast headscarp. 

The vertical exposure in the scarp of the 
1978 landslide revealed a deeply weathered 
zone above the old landslide plane with rel
atively undisturbed claystone and siltstone 
located immediately below the slide plane. 
This old slide plane would apparently extend 
under the eastern condominium, immediately 
a bove the scarp of the 1978 landslide; and 
the upper portion of our Boring 7 was 
probably within the landslide material. The 
eastern limits of the old landslide can be 
clearly seen in photographs taken by a resid
ent on the north side of Whirlaway Lane at 
the completion of rough grading and during 
framing of houses on the south side of 
Whirlaway Lane. It was apparently for this 
old landslide that the placing of a buttress 
was recommended in the Geotechnical Consul t
an ts report. 

1978 LANDSLIDE 

The dimensions of the 1978 landslide are 
clearly identified on Plate 1. It is 395 
feet wide at its largest east-west dimension 
and 230 feet from top to toe (north-south). 
The head scarp is an undulating arc with ver
tical heights ranging from approximately 2 
feet to 1 7 feet. The thickness of the 1978 
slide is approximately 60 feet at its deepest 
point. 

Many fissures and cracks exist in the 
upper portion of the 1978 landslide. Downhill 
movement of the landslide occurred primarily 
as a single block along the same rupture sur
face as the "old" landslide in the upper 
portion and created a new failure plane along 
the lower portion. The eastern limit of the 
1978 landslide was exactly coincident with 
the eastern limit of the "old" landslide and 
the "ancient" landslide, as observed in the 
photographs taken from Whirlaway Lane and the 
limits of the "ancient" landslide as observed 
on the aerial photographs. The toe of the 
1978 landslide was controlled by the elev
ation of the pads for the residences created 
for Tract 9070. Significant portions of the 
"ancient" landslide had been removed by grad
ing for residences along the sou th side of 

Whirla wa y Lane. 

The upper limit of the 1978 landslide was 
con trolled by the top of the slope. The 
western flank of the 1978 landslide may have 
been controlled by an apparently relatively 
in tact block of materials in the middle of 
the "ancient" landslide, which exhibits a 
slight bedding inclination into the cut 
slope. This area roughly corresponds with 
the mound or small hill left in the middle of 
the "ancient" landslide as observed on the 
old aerial photographs. In addition, the 
height of the cut slope becomes significantly 
less toward the west, with a correspondingly 
smaller mass above the cut slope. 

A large amount of water existed at the toe 
of the 1978 slide during and immediately 
after initial movement. A significant amount 
of water was encountered throughout most of 
our borings (shown on Enclosure 2). The 
largest amount of water apparently exists 
near the eastern portion of the 1978 land
slide. Apparently, subsurface water is dir
ected toward the east due to the bedding 
attitudes within the "ancient" landslide 
block west of the 1978 landslide, which 
dipped toward the east-southeast. The Puente 
Formation is relatively impervious and any 
water in it tends to flow along sandstone 
beds or fracture planes; therefore, water 
would be expected to be channeled along any 
sandstone beds, as opposed to flowing in a 
different direction. A true ground water 
table exists on the north side of Carbon 
Canyon Road, approximately 38 feet below the 
ground surface. A graphic summary of ground 
water levels encountered within our borings 
is shown on Enclosure J. 

The structural orientation of geologic 
formations (bedding attitudes), slope inclin
ations, slope heights, and water are probably 
the most critical factors for creating land
slide conditions. Of these factors, the 
presence of water is probably one of the most 
critical for triggering landslides. The 
amount of precipitation recorded in 1978 is 
one of the highest on record since 1938. The 
large volume of water reported immediately 
prior to and during the 1978 landslide cer
tainly suggests that water played a critical 
role in the occurrence of the landslide, al
though other factors may be equally import
ant. The 1978 landslide occurred because of: 



I) the weak shear strength of and presence 
of an old landslide with a previously deter
mined weak slide plane in the upper portion 
and along the east flank; 

2) the creation of a cut slope within the 
slide debris and removal of support at the 
toe by grading of lots along the south side 
of Whirla way Lane; and 

3) the large amount of water present, 
which resulted in high hydrostatic pressures 
along the "old" landslide plane and boundary. 
A significant amount of water is still pres
ent within the 1978 landslide and additional 
north ward movement of the slide is expected; 
therefore, the slide should be stabilized by 
removal and buttressing. 

LANDSLIDE STABILITY 

Using the limited subsurface information 
for the "ancient" landslide available at this 
time, slope stability calculations have been 
made by the Soils Engineer using the approx
imate configurations shown on Enclosures 3 
and 4. The Soils Engineer has calculated 
the overall, massi ve, ttancien ttl landslide to 
be reasonably stable in its current config
ura tion given normal moisture conditions. 
However, the exact geometry of the "ancient" 
landslide plane has been extrapolated from a 
limited amount of information and additional 
subsurface borings within the limits of the 
"ancient" landslide would have to be placed 
to show conclusively that the "ancient" land
slide is stable. Geologic observations of 
the geomorphic expression and physiography of 
the "ancient" landslide also suggest that the 
overall, massi ve slide is stable in its 
current configuration and has been stable for 
a considerable period of time (thousands of 
years). However, geologic work conducted for 
this investigation indicates that subsequent 
smaller landslides have occurred within the 
overall, massive slide and such small slides 
within the overall "ancient" slide cannot be 
precluded; in fact, tension cracks were ob
served in the cut slope immediately west of 
the 1978 landslide. 

Tension cracks approximately 2 inches wide 
were observed in the area west of the 1978 
landslide. One long (30+ feet), continuous 
crack trends east-west from approximately the 
west side of the 1978 landslide to an area 
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above Lot 14. This crack may extend farther 
but was not readily visible due to the heavy 
growth of grass. Because of the existence of 
this crack, the stability of the cut slope 
immediately west of the 1978 landslide is 
highly suspect and should be closely monitor
ed, particularly during periods of heavy 
precipitation and for 6-9 months following 
those periods. Slope indica tors should be 
installed and monitored in this area in order 
to provide adequate warning prior to any 
massive failure. Other remedial measures 
should be taken as outlined in Recommend
ations below. 

The "old" slide plane was encountered 
below pad elevations north of the 1978 slide 
and it apparently continues farther to the 
north. Some of the driving force for a re
newed slide along this plane has been removed 
by grading and removal of material for lots 
along the south side of Whidaway Lane, thus 
lessening the potential for future failure 
along the "old" slide. Furthermore, this 
slide was identified by Geotechnical Consult
ants in their report; presumably slide mater
ial was removed or otherwise mi tiga ted during 
the grading process. This could not be veri
fied, however, as the in-grading reports were 
not available to us. A significant portion 
of the "old" slide may exist under the lots 
on the north side of Whirlaway Lane, as those 
areas have been filled and approximately 10 
feet of fill has been placed on a I O-f oot 
cut along the south side of Carbon Canyon 
Road. 

Because of the large amount of water 
encountered during our investigation and that 
which occurred during the 197-8 landslide, de
watering of the slope by installation of 
horizontal wells along Carbon Canyon Road is 
recommended to mitigate any potential, future 
problem from sliding along the "old" land
slide area. Continuity of the "old" land
slide plane was not established by our 
borings and the boundary of the "old" land
slide was shown at two different locations 
on two different reports by Geotechnical 
Consultants. Some question exists as to its 
continuity and precise location. 

The 1978 landslide is likely to incur add
itional movement during periods of precipit
ation or during intense earthquake shaking. 
In addition, additional head ward movement of 
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the landslide scarp is expected toward the 
two existing condominiums sou th of the 
existing landslide scarp. This could endan
ger these structures and their occupants. 
The "old" landslide plane apparently contin
ues under at least the easternmost of these 
two condominiums. We understand the owners 
of that property have engaged a geotechnical 
firm to evaluate their potential hazard. We 
were not granted permission to place any 
borings in tha t area and so could not 
precisely evaluate the extent of the "old" 
landslide under the condominium units nor the 
limits of the "ancient" landslide. Additional 
subsurface information in the vicinity of 
these condominiums is necessary, as they 
appear to be in danger from future land
sliding. 

RATE OF LANDSLIDE FAILURES 

The rate of movement of the 1978 landslide 
was relatively slow and no bodily injuries 
were incurred. Rates of future movement of 
the 1978 landslide or additional head ward 
failure of the head scarp are likely to be 
similar, with adequate warning provided in 
the form of tensional cracks opening above 
the 1978 landslide. Additional downslope 
movement of the 1978 landslide is likely to 
be considerably slower than the failure that 
occurred in 1978. Rapid, additional failure 
of the 1978 landslide toward the condominiums 
could occur, should a severe earthquake occur 
following or during a period of high precip
itation. 

Except in the case of severe earthquake 
shaking, additional failure and movement of 
the landslide mass is likely to occur over a 
period of several days; however, failure to 
observe and heed the opening of tensional 
cracks could be disastrous. Therefore, it is 
recommended that slope indicators be placed 
above the 1978 landslide until the oversteep
ened head scarp and existing landslide can be 
repaired and stabilized. The only effective 
method of stabilizing the 1978 landslide 
would be to remove the landslide, construct a 
buttress and replace the landslide with 
compacted fill, as recommended by the Soils 
Engineer. Similarly, slope indicators should 
be installed immediately above the cut slope 
west of the 1978 landslide until the recom
menda tions in this report can be followed to 
stabilize that area. 

SHALLOW FAILURES 

Numerous shallow failures occurred within 
both the fill and cut portions of the north 
facing slope immediately south of Carbon 
Canyon Road. Many of these failures involved 
only a few feet of material and most have 
been repaired. However, 0 bserva tion of at 
least one block wall, installed this summer 
and observed in October, indicated that the 
fill material on which the block wall has 
been placed, immediately above Carbon Canyon 
Road, is in a state of failure. Large cracks 
had opened at the top of the block wall in 
both the east wall and west wall of the 
residence. Future shallow failures are likely 
to continue to occur along this slope under 
the existing conditions. Residents of these 
lots should be warned not to let water pond 
in their backyards and to provide immediate 
drainage to the street in order to help pre
vent these potential shallow failures. 

CONCLUSIONS 

The March 4, 1978 landslide occurred with
in a much more massive "ancient" landslide. 
The 1978 landslide was situated at the 
ex treme eastern flank of this "ancient" 
landslide and a subsequent "old" landslide. 
The 1978 landslide occurred because of -

I) the weak shear strength and presence of 
an old landslide with a previously determined 
weak slide plane in the upper portion and 
along the east flank, 

2) the creation of a cut slope within the 
slide debris, and removal of support at the 
toe by grading of lots along the south side 
of Whirlaway Lane, and 

3) the large amount of water present with 
resulting high hydrostatic pressures along 
the "old" landslide plane and boundary. 

Additional movement of the 1978 landslide 
is likely to occur south of (above) the top 
of the 1978 landslide due to the oversteepen
ed slope created by the 1978 failure. This 
would endanger the two condominiums immediat
ely south of the top of the 1978 landslide. 

Ancient landslides exist at two locations 
shown approximately on Enclosure 5. The 
eastern landslide was not examined in any 



detail as it was beyond the scope of this 
investigation. The western "ancient" land
slide is calculated to be stable in its 
current configuration, based on extrapolating 
data from the limited subsurface information 
in the extreme eastern flank of that land
slide. Geologic evidence also suggests that 
the "ancient" landslide is stable; but after 
additional borings the precise configuration 
of the landslide should be determined so 
that more meaningful slope stability calcul
a tions can be performed. 

The cut slope immediately west of the 1978 
landslide appears to be undergoing slight 
tensional failure and may be subject to 
future landsliding in its current configur
ation. Slope indicators should be installed 
above the residences there and horizontal 
wells placed in the slopes to prevent water 
from collecting in the subsurface behind the 
cut slope. 

The "ancient" landslide probably extends 
beyond the north side of Carbon Canyon Road; 
but a significant amount of alluvium has been 
deposited north of Carbon Canyon Road and 
future movement of this landslide in that 
area is not likel y. 

The "old" landslide may extend under 
Carbon Canyon Road and the slope along the 
south side of Carbon Canyon is a combined 
fill over cut slope. Horizontal wells should 
be installed within this slope to drain any 
water that may collect within this "old" 
slide and to improve the potential stability 
of the slope by dewatering. Additional shal
low failures are expected along this slope 
based on the apparently continuing downslope 
failure of this fill material, as observed 
in block walls installed this summer. 

RECOMMENDATIONS 

The 1978 landslide is currently unstable 
and is expected to undergo additional down
slope movement. The 1978 landslide should 
be removed; a key should be constructed along 
the toe of the landslide; subdrains should be 
installed along the face of the buttress; and 
the landslide material should be replaced 
with a buttress fill in accordance with the 
recommenda tions of the Soils Engineer. Remov
al and replacement of the landslide is the 
only way to assure the stability of the area 
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immediately above the landslide where the two 
condominiums are currently located. If re
moval and replacement of the 1978 landslide 
(in accordance with the recommendations in 
this report) cannot be undertaken immediate
ly, then an interim measure is recommended -
instal horizontal wells to drain the 1978 
landslide and keep it drained. Draining the 
landslide mass of water should increase the 
shear strength and decrease the potential for 
future movement. Thus, it will slow the 
potential rate of additional failure of the 
head scarp toward the condominiums, as well 
as decrease the downslope movement of the 
landslide mass until removal and replacement 
of the slide can be completed. 

Horizontal wells are recommended to be 
installed along the cut slope immediately 
west of the 1978 landslide to minimize the 
potential for possible failure of that slope. 
Similarly, horizontal wells should be placed 
along the slope along the south side of 
Carbon Canyon Road in accordance with the 
recommend a tions of the of the Soils Engineer 
a ttached to this report (Enclosure 6). 

Minimizing the percolation of subsurface 
moisture and control of surface drainage for 
those lots within and adjacent to the head of 
the ancient landslide along Terrace Drive 
should be maintained. In addition, instal
lation of roof and eave gutters and surface 
grading to prevent ponding above existing 
slopes should be conducted. 

Additional borings should be placed in the 
western portion of the "ancient" landslide to 
better determine the geometry of the failure 
plane and enable more precise stability 
calcula tions for this landslide. 

Additional borings should be placed above 
the head of the 1978 landslide to determine 
the potential hazard to the condominiums 
immediately above it. This may have been 
done by the property owners as we understand 
they have engaged consultants for that 
purpose. The other ancient landslide, located 
to the east near the intersection of Terrace 
Drive and Whirlaway Lane, should be investig
ated as to its existence and potential 
hazard. 

Any grading and placement of the key and 
removal of the 1978 landslide should be re-
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viewed and approved by the Soils Engineer and 
the Engineering Geologist prior to removal 
of any material. Removal and replacement of 
the 1978 landslide should be inspected during 
grading by the Soils Engineer and Engineering 
Geologist. Norna teria1 should be removed 
from the toe of the 1978 landslide as that 
will almost immediately initiate additional 
movement. Installation of horizontal wells 
should be inspected by the Engineering Geol
ogist to determine if field adjustments in 
position and/or length of wells is warranted. 

All proposed repair work or additional 
grading within the tract should be approved 
by the Soils Engineer and Engineering Geolog
ist prior to any construction. 

Copies of the two reports by Geotechnical 
Consultants Inc., dated May 24th 1976 and 
January 3rd 1977, should be obtained. 

respectfully submitted 

Gary S. Rasmussen and Associates 

Enclosures: 

Enclosure 1: Street Address Table 
Enclosure 2: References 
Enclosure 3: Borings 
Enclosure 4: Cross Sections 
Enclosure 5: Geologic Map 
Enclosure 6: Soils Engineering Report 
Plate 1: Geologic Map 

(Enclosures have been renumbered to match the 
sequence in which they appear in this 
pUblication.) 

ENCLOSURE 1 

STREET ADDRESSES 

Lot Number on Tract 9070 vs. 
Street Address on Whirlaway Lane. 

Lot N 0.- Street No. 

4-3581; 5-3571; 6-3563; 7-3553; 
9-3535; 10-3525; 11-3517; 12-3507; 

14-3489; 15-3481; 16-3471; 17-3461; 
29-3456; 30-3466; 31-3476; 32-3484; 
34-3504; 35-3514; 36-3522; 37-3532; 
39-3550 

8-3543 
13-3499 
18-3459 
33-3494 
38-3540 
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ENCLOSURE 3 

BORINGS 

Legend 

Features in boring shown at apparent dip 
along section of log orientation. Recent 
landslide ref erred to on Boring Logs is the 
March 4, 1978 landslide. 
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" " 

Tpy 

A tti tude of Con tact 

A tti tude of Slide Plane 

Attitude of Bedding Surface 

Attitude of Fracture 

Seepage at depth shown 

Standing water at depth shown 

Fracture shown in boring 

Bedrock, probably the Yorba 
member of the Puente Fm. 
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Summary of bucket auger logs at reduced scale. Detailed logs are shown on 
the next seven pages. This summary was designed to match the 50-scale 
geologic map in the original report. Attitudes are plotted as if the top 
of the page points nOI,th. 



Bucket Auger Hole 1 

Top Hole Elev. 778 ' 
Hole Dla. -=2~4-" ........ -_:__-
Type of RII BUcket Au,e.r 

GEOLOGIC DRILLING LOG NO.--.L.. ""PI'Ujeet~I4~I~ ... ,-,2,,--___ _ 
Tract 9070 

West side of recent landslide Date Drilled Oct ZS 1978 
Locled by...::GJ ....... G ____ _ 
Notee by (See Abbreviation Llllt attached) 

BNISW60N 

FN30ESOE 

BNSI6E 

BN7OW3SN 

SPN6SW3OH 
BN70E33N 
FN70E39N 
FN60ES8S 
FN86W24S 
BN30E20E 
BN20EI2E 
BNI7E20E 
BN2SWI7E 
BN3SEI8E 
FN32W57SW 

ENGINEERING GEOLOGY DESCRIPTION 

Topsoil, Dark gray, clayey silt 

Recent landslide debris, Yellow-brown clayey silt 
abundant disorientated siltstone frapents 
S.all discontinuous slick surfaces in s11 ts 

8" sandstone frapents 

't" fracture. 13' filled with secondary ,YPSUII 

landslide debris .ott led 
~ i I ts tone frapents 

Probable old landslide plane. 17' between 
old landslide block and recent landslide debris 

Becoaes very .oist I 25' 

-Ancient- landslide bloc;!! 
MediWl ,uy siltstone interbedded 
wi th 3Jof4 thick Red-brown fine sand beds, 
Abundant slick surfaces 

1M' 2' lon, sl fck surface (no iron stainin,) 

Botto •• 40' 
No ",ater 

fjgl ~a~!rffi lied 

PHYSICAL 
CONDITION 

Moht 
F1n1 

~Ioist 

Punky 

Very stiff 

""ist 
Punky 

Moht 
Very stiff 

Bucket Auger Hole 2 

Top Hole Elev 777 
Hole Dla. _..:;2 __ "_" ___ _ 

Type or RI, Bucket AUKer 

GEOLOGIC DRILLING LOO No. __ i _ 

East Side of Recent Landslide 

Project 1414-2 
Tract 9070 
Date Drilled OCt. 26, 197§" 

(See Abbr.-vlatlon Llet attached) 
Locled by_GJ_G ____ _ 
Notell by 

CN70W15N 
BNSOW40N 

SPN6OW14N 

BN90W20S 
BiB swa 0;; 

BN1SlfSOS 

FN2WIZW 

BNISlflSW 
BNI2WI.2W 

BNl5WIOW 

FN3SE90 

ENGINEERING GEOLOGY DESCRIPTION 

Landslide debris, possible filled in landslide surface 
depreSSions, dark ,ray clay-ey silt 

Occasional sl1 tstone frapents below 5' 

Landslide debris 
Yellow-brown sl1 t with si ltstone 

thick layer of 
fnpents of 

fre~tured. di!orienteted 

~, aediWl ,ray siltstone 1-2" thick interbedded 
with 1-2 _ fine sand layers (Tpy) 

sl ick surface 

Abundant fractures below 35' 
ThiS' could possibly be part of an ancient 
landslide block 

BottOil I 41' 
Seepa,e • 24' 

cav ng 
Hole backfilled 

Standing ",ater • 38' 

PHYSICAL 
CONDITION 

~Ioi st
Very lIOi st 
Fl~ 
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Bucket Auger Hole 4 

Top Hole Elev. 796' 
Hole Dla. ___ 2 .. 4_" ________ _ 
Type oC Rl, Bucket Auger 

GEOLOGIC DRILLING LOG NO._4_ 

Scarp area of 1978 Landslide 

Project 1414 -2 
Tract 9070 
Da~ D~r+1~i~ie~a~o~c~t.~Z~7-.~19~7~8 

(See Abbreviation List attached) Location oC Hole 
Sheet-L. 

Loggedby~~~G ________ __ 
No~s by 

BNSESt 
BN28W4!IN 

BN40W2SNE 
8N3SE22E 

BNlSE20E 

BN3SE30E 

BN48Wl7E 
SPN80Wl7N 
SPN70E27N1'1 

BN30E82W 
BE-W 23N 

BN80ES4N 

SPNSSE 56N 
BN50W6SN 
FEW60N 
SPNBOE4SN 

BN5El5E 
BNSEl7E 

BNIOElOE 

BNIOW8E 

BNlSWl2E 

BN20Wl2E 

BN8W7E 

ENGINEERING GEOLOGY DESCRIPTION 

Ground surface highly fissured 

TopsoH Dark gray silty clay 

Recent lands 1 ide debris 
MediUJI gray clayey silt 
Occasional sil utone fraiHnu 

Recent landslide debris 
Interbedded gray sil utone with 
thin sand layers and white layers 
irregular discontinuous beddina 

punkey, two 

~. interbedded gray silutone and light brown 
sand \s"beddina (Tpy) 
good continuous bedding 

Interbedded sil Utone and sand 
good continuous bedding 

Flow 1 cup per 10 minutes 

80ttolll @61' 
Standing water 59 . 5' 
No caving 
Hole backfilled 

PHYSICAL 
CONDITION 

Moist
Very lIIOist 
Fir. 

Moist 
Stiff 

Moist 
Stiff 

~Ioist 

Very hard 

Hard 



Bucket Auger Hole 3 

Top Hole Elev. ;--.:..:7 :'c..;7 __ _ 
Hole Dla, _.;.24.:...'-:' _-:-_-;-
Type at Rig Bucket Auger 

GEOLOGIC DRILLING LOG NO._3_ 

Between houses on Lots 7 & 8 

Project --'0,1 1,4 ..,14 ... -.. ') ____ _ 
Tract '9070 
Date Drilled Oct, 26 1978 

(See Abbreviation List attached) Location or Hole 
Sheet-Lof --L 

Logged by_GJ=-=G~ ___ _ 
Notes by 

ATTITUDES Log ENGINEERING GEOLOGY DESCRIPTION ~~:.g:i:o~ 
____ --1iOrlentatton !t-------------------------t-----

BN17E60E 
BN30ES6E 

BN30E38E 

BNlSW65E 

SPN70E30N 

~ 5.J 
till .edium gray clayey silt 

-Ancient'" landslide debris 
Yellow-brown clayey silt "'ith ju.bled 
si 1 Utone frapents 

5' Med, brown silty clay 4" thick, possible 
ancient poorly developed soil profile 

-Anc'i ent· I ands I ide b I ad 
Gray sil tstone abundant sl ick bedding 
surfaces 

~"white bed NlSE35E' 

"An::ient" landslide debris 
Gray silty clay and ju.bled siltstone 
Moderate seepage 

• 25' Heavy seepage and caving possible 
slide plane, abundant fractures 

Could not down hole log below 2S' 
Observed filled fracture. 25' possibl e slide 
plane or gypsua filled fracture 

&otto •• 38' 
Caving' 25' 
Seepage • 20' 
S.Tanding water' 29- flow appros , 4' fhr 
Hole baCkfilled 

Moist 
Stiff 

Moist 
Very st i ff 

Very ",et 
Soft 

Moist 
Very st iff 

Bucket Auger Hole S 

~~e ~::. Elev i~4,.,.,.zL.:4I.oSL--
Type of Ril Bucket Auger 

(See Abbreviation List attached) 

GEOLOGIC DRILLING LOG NO._S_ 

Behind (South) of house on Lot i 0 

Location of Hole 
Sheet~or....l-

Project ~1.;.4 =-1 ~'--____ _ 
Tract_9~0r.7_0~~~~~~_ 
nate Drilled Nov 7, 1978 
Logge.d by-=.GJ:...:G=---___ _ 
Notes by 

SPN30W12N 

BN~OW12N 

ENGINEERING GEOLOGY DESCRIPTION 

Recent slide debris at toe of slide 
--- Gray clayey silt 

, ; , , :. !.!!.!.Mnttled gray with brown cllmps 
.~ Clayey slit with siltstone and sandstone 

~~ ~ Rock frag.ents 
.:f'~ • 10', 6" thick gravel layer trending 

, ~_ _ ____ ~~ ~p~i~ l~ ____________ _ 
_ Possible landslide debns gray-brown clayey silt 
,,~- • 15' disorientated 8" chunk of sandstone 
~." Possible bedding plane failure 

·Ancient·lanJslide block, Interbedded gray siltstone 
and light brown sand 

The above contact is not aclearly defined plane 
could possibly be a fill bedrock contact 

Could not downhole log below 20' 

The bedding attitude obtained in this block 
could be the regional attitude of bedood, and this 
block , could possibly be bedrock 

Botto •• 30' 
Standing .... ter • 18.5' 
No caving 
Refusal at 30' 
Hole backfilled 
rat'e of flowing water 4' /hr 

PHYSICAL 
CONDITION 

Very ~Ioist 
Soft 

Very Moist 
Fi r . 

Very floist 
50ft 

Very lIOis! 
liard 



T~p Hole Elev. 730' GEOLOGIC DRILLING LOG NO._8_ Project 1414-2 
Hole Ola. _..:24L":.-.. ______ _ 

Between 3504 & 3514 North side of 
Location oC Hole Whirlaway Ln 

Sbeet-L-

Tract 9070 
Da~D·tiMIMl~e~a~N~o-y~9--1~9~7~8--

Type oC Rig Bycket Auger 
Loggedby~GJ~G~ ________ _ 
NO~I by (See Abbreviation List attached) 

BN20E28W 
BN24E35E 
FN68E90 

SNIOE30E 

BNllE35E 

~N8E45E 

BNIOE45E 

BNIOE47E 

8NIOE40E 

BNS4SE 

FN70W75S 

BNI5E40E 

ENGINEERING GEOLOGY DESCRIPTION 

Fill-Brown any clayey silt 
--with siltstone rock frapenu 

-Ancient" landslide block (possible bedrock) 
Interbedded gray sl1 utone and light 
red-brown sand. 1"-2" beddin, 

I" Displace .. nt of beddin, alon, fracture 

Beddin, fractured with sull displace .. nu' 

Beddin, attitudes are steeper than 
would be expected froll the re,ional trend 

Sl ick beddina surface 

- -Ancient-landslide block (possibly bedrock) 
Bedding continuous and inspected to 47' 

Seepaae I .. 5' 
Water flowing through fractures 

Botto. I SO' 
Standina water 8 47' 
No <";tving 

PHYSICAL 
CONDITION 

Moist 
Fin 

Moist 
Hard 

Bucket Auger Hole 8 

Bucket Auger Hole 7 

GEOLOGIC DRILLING LOG NO._7 _ Project ~I4 .... I..:a4....;-:?:....-. ___ _ 
Tract_9~0~7_Q~ __________ _ 
Da~ Prj J J cd Noy 9 

Top Hote tlev. _"8;;.;;2:..::fiT __ _ 
Hole Dla. _2...,4 __ " ____ _ 

Type 01 Rig Bycket Ayaer East of Condo.tniua top of hill J 978 

(See Abbreviation Lilt attached) 
Location of Hole 

Sbeet-l-
LoggedbY~G~JG~ ________ _ 
NO~I by 

Lac PHYSiCAL 
ATTITUDES __ ENGINEERL~G GEOLOGY DESCRIPTION COh'DlTION 

------1i Orientation 't------------------------------------------t------

8H3OWllE 

FN3OW60N 
BN55W505 
SPNSOW265 

BN37W17N 

8N4SW13N 

BN20WIONE 

BN3SW22NE 

LN 
Fill Light brown clayey silt with siltstone rock 
---fragHnts 

Disturbed Bedrock 
Interbedded gray sil utone and liaht brown sand 

Bedrock y 
Bedding continuous through barina 
Interbedded gray siltstone and light brown sand 
1" siltstone beds ~" sand beds 

Botto •• 20' 
No water 
No caving 
Hole backfilled and co.pacted 

Moist 
Fir. 

Moist 
Hard 



Bucket Auger Hole 6 

Top Hole Elev. 734 ' 
Hole D1a._.;.24.:..'~' _--..,... __ 
Type of Rig Bucket Auger 

GEOLOOIC DRILLING LOG NO._6_ 

Between Houses on Lots 9 II 10 

Project 1414-:l 
Tract 9070 
Date D' -r~i ;"llre:"a:-:-:NO-y-.--:O:8-, -;-;19""7"'8-

(See Abbreyiation Ust attached) 
Logged by,_=GJ:.;:G:...-___ _ 
Note. 

BNSESE 
BNISE8E 

SPN40El6NW 

BNSOE3SSE 
FN4SE68SE 
BN30E2SSE 
FN60E60SE 
BN30WIZE 

BN&OW1SN 

BN8SWION 
FNSOE90 

BN7SlHON 

BN67ElSN 

BNSOESN 

FN80W80N 

ENGINEERING GEOLOGY DESCRIPTION 

illl brown clayey silt 

landslide debris 
Interbedded &ray siltstone and light brown 
sand 
Is"-I" siltstone beddinl Ia-~" sand layers 

PHYSICAL 
CONDITION 

Moist 
Ned . Stiff 

Moist 
Stiff-Hard 

lane not well defined ed uterial) abunda slicks 

) 

Interbedded &ray siltstone and light 
sandstone bedding appears re&lilar 

Several fractures no apparent aoveaent 

I" th.id 'ISS bed, very hard 

HeaICier seepa&e 

effervescent seepa&e 

Bottoa II 4S' 
Standing water II 42' 

No cavinl 
Hole backfilled 

Moist 
liard 

Very Hard 

Bucket Auger Hole 9 

Top Hole Elev. -!..7~0~2 ' __ _ GEOLOOIC DRILLING LOG NO._9_ 
Hole Dla. _.!:.24:!,.'_' ___ _ 
Type of RI, Budet '\uger North of Carbon Canyon Road 

Project 1414-2 
Tract, --;..9 .... 07 .... 0 ...... ..-_-..--..,..,. ...... _ 
Date Dulled Nov. 9, 1978 

(See Abbreviation Ust attached) 
Location of Hole 

Sheet-Lof-1-
~edby,~~.:..G~ ___ _ 
Note. by 

BNSSEISSE 

BN60E23SE 

BNS8E2OS 

BN3SE23SE 

BN37E20SE 

BNSOE12SE 

ENGINEERING GEOLOGY DESCRIPTION 

fill Brown clayey 5 i I t 

Young alluviua aed. brown clayey silt 

• 7' s.all channe I (aedil.a coarse sand) 

Highly weathered bedrock with expansion slicks 
Mediua brown clayey silt and siltstone 

Bedrock, Interbedded lray siltstone and light brown 
UiiCeii8nted sand approxiaately 1"-2" beddinl (Tpy) 

Good continuous beddinl 

I" DisplaceMnt of bedding alonl E-W trending vertical 
fracture 

• 24' seepage 

1"-2" Displaceaent of beddinl along E-N trending frac 
Bedding continuous except for saall displaceaents alan 
fractures 

PHYSICAL 
CONDITION 

DRY-Soft 

Moist 
Stiff 

Moist 
Stiff 

Moist 
Stiff 



BN18E29E 

BNl0E30E 
SPNS3SE 

BNOSW38E 

BNS3SE 
BNS30E 

INSSE40S 

FEW40S 

BNOSE38E 

BN2SE3SE 

BNlSE3SE 

BN20nOE 

coot. 
+ ~ 

Top Hole Elev. ---,7-:6 .... 8_' __ 
Hole D la. -.:2:-:4,-01,--::-;:-:-::-::-_ 
Type of Rig Bucket Auger 

(See Abbreviation List attached) 

Sheet -.-Lof ....L. 

ENGINEERING GEOLOGY DESCRIPTION 

Highly weathered landslide debris 
Gray-brown clayey siit 

Sli htly weathered landslide debr · s 
tt e Brown and Gray clayey sil t 

with juabled siltstone frapents 
Abundant 51 ids 

landslide hlQd 

Interbedded aray silstone and thin red-brown 
sand, 1"-2" siltstone bedds 

Abundant gypsua layers and streaJllers above lands1 ide 

fracture 

Slick beddina surface NOSE4SIi 

Bucket Auger Hole 11 

GEOLOGic DRILLING LOG NO.--11-

Slope west of Recent slide 
Location of Hole 

PHYSICAL 
CONDITION 

Moist 
Stiff 

Moist 
Stiff 

~toist 

liard 

SPEW30N 

BNIOE20E 

BNS2SE 

BNSOW12NE 

8N3SW20NE 

Red-brown flne sand bed broken. North side displaced 

~ ~I(IL.- _ _ - - - - - - - - -

l'rojecl ~14;.:1,-,4,--_/. ____ _ 

Tract~90~7~0~~_~~~~ 
DateDrilled Nov. ZO, 1978 
Lol&ed by_GJ=.,:G=--____ _ 
Noteaby _______ _ 

Sheet~or...l... 

ENGINEERING GEOLOGY DESCRIPTION 

Interbedded aray siltstone and red-brown sand 
Abundant ayPsua fi lled fractures 

Slide plane yellow-red diatomaceous silt. punky. with 
Abundant sandstone chunks and slabs (not rounded) 

Bedrock (Tpy) 
-rnterbedded auy siltstone and red-brown sand 

Z" beddina 

Beddina is continous throullh borina. except for 
I" offset. 48' 

Seepaae stops' 51' 

3' thick sand bed continuous throullh hole 

2" thick ~~ndb:d. continliGus throujh hol o 

Botto •• 64' 
Seepaae • 44' 
No stand ina water 
No cavinll 
Hole backfilled 

PHYSICAL 
CONDITION 

Very Moist 

Hard 

Wet 
Soft 

~Ioist 

Hard 



Bucket Auger Hole 10 

Too Hole Elev. -..:7-,,3c.:..7_' __ 
Hoie Dla . ..-.!2:.::4,-".,--~ __ _ 
Type of Rig Bucket Auger 

GEOLOGIC DRILLING LOG NO._IO __ 

East side of 3540 

Project _14_1_4_-.::.2 ____ _ 

Tract~9~0~7~O~~-~~~= 
Date Drilled Nov 13 1978 

(See Abbreviation List aUached) Location of Hole 
Sheet-Lof-1. 

Logged by_GJ_G ____ _ 
Notes by 

ATTITUDES Log ENGINEERING GEOLOGY DESCRIPTION ~~~~~~OLN 
-----if" Orientation .t--'-------------------------+-----

L)N JJ~ S...J 

BN40E3SE 

FNS90 
BNIOE4W 

BN4SW4N 

BN13W8NE 

BN60WSNE 
BN30ES N 

'~ 
,,~ 

~ 
• ='-

~ - gray brown clayey silt 

"Ancient-Iandsl ide block- Interbedded gray 
siltstone and light brown ssnd 

Upper 2' highly weathered 
Bedding cont inues 

, 11' one foot thick reddish-yellow sandstone 

Ii" displace.ent of bedding along fracture 
East side up 

GypSUJI fi lied fracture. 2" displace.ent of 
bedding west side down 

Bedding .oderately fractured but no apparent 
large .oveaents 

Bottoa , 35' 
Standing water I 32' 
No caving 
Hole backfilled and coapacted 

Moist 
Stiff 

Da.p 
iiard 

Bucket Auger Hole 12 

Top Hole Elev. 77 3 ' 
Hole Dla. _:..24!.. .. ...,..-___ _ 
Type of Rig Bucket Auger 

GEOLOGIC DRILLING LOG NO._I_2_ 

Slope West of Recent Sl ide 

Project~14~lc4~-A2----
Tract_9~OM7~0~~~~_,~~ 
Date Dulled NOV. 21. [978 

(See Abbreviation List aUached) 
Logged by_GJ_G _____ ~ 
Notes by 

ATTITUDES Lac 

BN35E37SE 

BN40E25SE 

BN28E4SSE 

BNl6E3SSE 

BNISE3SSE 

BNISE46E 

SPN2SE40E 
BN20E47NW 
BN2SE40NW 

[Orj~!li'O.~ 
--, 

5 ~ 
~" 
" =.I: -. , 
"G 

ENGINEERING GEOLOGY DESCRIPTION 

Highly weathered landslide debris 
gray-brown clayey silt 

Slightly weathered landslide debris 
Yellow-brown clayey silt with abundant 

sil tstone fragaents 

"Olt tands~id~ ~lock 
nter ed e gray silstone and 

thin red-brown sand 

Abundant slick fracture and bedding surfaces 

2" Diatoaaceous bed dblturbed by fracture trending 
NSOE900 

Bottoa • 40' 
No water 
No cavinl 
Hole backfilled 

and red-brown sand 

PHYSICAL 
CONDITION 

Moist 
Stiff 

~Ioist 

Stiff 

~Ioist 

Hard 

Wet 
Soft-liard 

~Ioist 

liard 
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A ENCLOSURE 4: Cross Sections A' ,..yon.c. Drive 
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ENCLOSURE S: Geologic Map 
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Whirlaway Lane 219 

Geologic Map of 1978 landslide and environs. 
(reduced from original at 200-scale) 

42 

~ Bedding attitude 

Bedding attitude from 
1971 report by Geo
technical Consultants 

Bedding attitude from 
bedrock in boring at 
depth shown in feet 

Arrows indicate direction of movement of 
landslides. Landslide boundaries dashed 
where approximate and queried where ques
tionable. Arnold Ranch fault is located 
approximately. 
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PLATE ONE: Part of SO-scale map from original report showing 1978 landslide. 
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ENCLOSURE 6: 

SOIL ENGINEERING REPORT 

January 9, 1979 

Subject: Tract No. 9070, Carbon Canyon Road, 
Chino, California; 
Evaluation of 1978 Landslide. 

In conjunction with your geologic invest
igation, we have evaluated the soil engineer
ing parameters associated with the landslide 
that occurred at the subject project during 
early 1978. The purpose of our investigation 
was to evaluate the stability of the existing 
slide area and to provide recommendations for 
remedial construction. During the progress 
of the investigation, a preliminary eva 1-
ua tion has been performed for a larger, 
ancient landslide associated with the present 
earth slippage. The geometry of the su bsur
face structure including bedding and recent 
and older slide planes, was supplied by your 
office and utilized in our analysis. In the 
conduct of our investigation, our findings 
ha ve been obtained, and our recommendations 
prepared in accordance with generally accept
ed engineering principles and practices. This 
warranty is in lieu of all other warranties 
ei ther expressed or implied. 

Site Conditions 

The portion of Tract no. 9070 in vol ved in 
the 1978 landslide is situated on the north
ern flank of a moderately steep hillside that 
had been graded to provide level building 
pads. The land slippage occurred on a graded 
slope that had been cut at an inclination of 
approximately 1.5 horizontal to 1 vertical. 
Single family housing had been constructed at 
the toe of the slope, and the landslide ex
tended in to two of these structures. Condo
miniums and other residential structures are 
situated above the top of the cut slope, but 
were not immediately affected by the slip
page. 

Field In'Vestigation 

The subsurface conditions within the area 
of the land slippage and immediately adjacent 
to the land slippage were explored by means 
of 12 test borings drilled with a truck-

mounted bucket auger drill-rig. All test bor
ings were logged by your geologist. Eight of 
the borings were also logged by our Soils 
Engineer. Our classifications were in 
accordance with the Unified Soil Classific
ation System and are summarized on Enclosure 
6.2 to this letter [in this volume the logs 
have been reduced to a table of test re
sults]. The test boring logs reflect the 
soil conditions at the locations drilled on 
the dates indicated and may not be represen
tative of other locations and times. The 
stratification lines presented on the boring 
logs represent the approximate boundaries be
tween the soil types and the transitions may 
be gradual. As the 8 logged test borings 
were advanced, relatively undisturbed samples 
were obtained by driving a split barrel tube 
sampler with the drilling stem. The driving 
energy required to advance the sampler was 
noted on the test boring logs. Where 
possible, hand driven tube samples were 
obtained from slide plane zones. The samples 
are noted as "H. D." on the test boring logs. 

Included in our laboratory testing were 
moisture-density determinations on all the 
undisturbed samples. In addition, selected 
samples were tested in direct shear for eval-
uation of initial and residual shear 
strength characteristics. The moisture-
density data are presented on the test boring 
logs. Enclosure 6.3 represents the results 
of the direct shear tests. 

Soil Conditions 

Data from the test borings indicate the 
rna terial in vol ved in the 1978 landslide 
consists of clayey silt to silty clay, which 
is moist and firm. The underlying material, 
not disturbed by the recent land slippage, 
was observed to consist of sandy silt to 
clay, and large blocks of siltstone and 
sandstone. The undisturbed bedrock appears 
to consist of interbedded siltstone and sand
stone. Up to 4 feet of firm to stiff man
made fill was encountered in the central 
portions of the graded lots at the toe of the 
landslide (Boring Nos. 3 and 6). Ten feet of 
fill was encountered in Boring No. 8 on the 
north side of Whirlaway Lane. Three feet of 
fill was noted in Boring No. 7 near the top 
of the cut slope. Free ground water was 
encountered at various levels within several 
of the test borings. The rate with which the 



water seeped into the boring varied from very 
slow to rapid inundation. 

Analysis 

The residual shear strength parameters 
obtained from our direct shear tests perform
ed on material from the slide planes yielded 
angles of internal friction and cohesion 
substantially in excess of that expected for 
material involved in the observed land 
slippage. The recent landslide area was 
graphically reconstructed, a fac:tor of safety 
of 0.95 assumed, and the associ a ted shear 
strength parameters "back-calculated". Util
IZIng the shear strength criteria thus 
deduced, together with the unit weights 
determined from our other laboratory tests 
and the subsurface geometry provided by your 
office, the existing stability of the "1978" 
landslide area together with adjacent areas 
were eva I ua ted. In the perf orrnance of our 
sta bili ty calculations, cross sections pre
pared by your office were utilized to 
maintain the best possible correlation bet
ween geologic and soils engineering data. 

Conclusions and Recommendations 

We understand, from geologic interpret
ation of the subsurface data, that 3 probable 
periods of land slippage have been identi
fied. The most recent land slippage occurred 
early in 1978 and is identified by both the 
surface or physiographic evidence and the 
identification of some slide planes in Boring 
Nos. I, 2 and 4. Some evidence of earlier, 
possibly prehistoric landsliding was seen in 
the borings as older landslide planes and is 
confirmed by some physiographic evidence. We 
further understand a large, ancient landslide 
has been projected based on a review of 
aerial photographs and the subsurface data 
obtained in the test borings. The area 
underlain by the ancient landslide includes 
the recent 1978 earth slippage, and it 
appears that the material involved in the 
recent slippage was, in fact, a portion of 
the old landslide debris. 

Data from our borings indicate the 1978 
landslide is probably the result of weak 
shear strengths of the old landslide debris, 
the steep graded slope, the removal of toe 
support by the grading of the lots along the 
south side of Whirlaway Lane, and the seepage 
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pressures caused by percolating subsurface 
water. It is significant to note that, at 
the time of the recent landslide, substantial 
flows of water from the toe of the landslide 
were reported. It is probable that movement 
of the existing landslide material will con
tinue with time and may result in damage to 
addi tional homes along the south side of 
Whirlaway Lane, adjacent to those homes 
already involved in the land movement. 

Repair of the existing slide should in
clude removal of the slide debris, instal
lation of subdrains along the face of the 
exposed slide plane, replacement of the 
removed material utilizing proper grading 
procedures, and installation of horizontal 
wells for future additional subsurface dewat
ering. 

We understand that the ancient landslide 
is postulated to extend from the south side 
of Terrace Drive northward to the north side 
of Carbon Canyon Road. Utilizing the projec
ted geometry provided by the Project Geolog
ist, we have eval ua ted the gross sta bili ty of 
the land mass estimated to be involved in 
the ancient landslide and find that this land 
mass is reasonably stable at the present 
configuration and under nonnal moisture con
ditions. It is understood that much of the 
geornetry for the ancient landslide plane is 
extrapolated from test borings concentrated 
in the vicinity of the recent landslide and 
interpolated between the physiographic evid
ence: obtained from aeria photographs. There
fore, our conclusions relative to the stabil
ity of the ancient landslide must be consid
ered tentative and should be confirmed by 
addJ1tional borings conducted· both in the 
western area of the projected ancient land
slide and near the head of the ancient land
slid(~; neither area was explored in our 
presen t in vestiga tion. 

]"he ancient landslide debris, as evidenced 
in the recent landslide, exhibits low shear 
strengths and, when influenced by significant 
seepage pressures, is subject to localized 
failures such as that experienced in 1978. 
It would be prudent, therefore, to control 
the percolation of surface moisture into the 
subsoils by controlling surface drainage for 
those lots within and adjacent to the head 
of the ancient landslide along Terrace 
Drive. We would urge the installation of 
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roof eave gutters and the construction of 
surface grades so that surface water is 
carried to the streets, precluding ponding 
and minimizing subsurface infiltration. 
Further, installation of horizon tal wells 
along the cut slope south of Whirlaway Lane 
is also recommended. We would suggest the 
horizon tal wells be installed at the toe and 
at mid-height of the cut slope, and be 
spaced at 50 foot intervals, the mid slope 
wells staggered between the toe of slope 
wells. A well length of 100 feet is suggest
ed. The water collected by the wells should 
be carried in a paved ditch and should be 
ul tima tel y discharged on to the streets. 

It is our recommendation that the debris 
from the 1978 landslide be removed to expose 
the firm, underlying material. It is projec
ted that this removal may expose the ancient 
landslide - plane extending to the south of 
adjacent condominium units. We have eval
uated the stability of this older slide wedge 
and feel tha t, for the short period of time 
it will be unsupported, reasonable stability 
can be assured. A key should be constructed 
along the toe of the landslide excavation. 
The key should extend at least 6 feet below 
the recent landslide slip surface and should 
be at least 12 feet in width. 

Su bdrains consisting of 4 inch diameter 
pipes and installed at the bottom of 2 foot 
wide by 3 foot wide trenches, backfilled with 
free draining gravel, should be installed 
along the back face of the exposed slide 
surface. A typical cross-section of the 
subdrain is shown on Enclosure 6.1. The 
subdrains may best be installed as the slide 
excavation backfill is brought up. A maximum 
vertical spacing of 20 feet is suggested for 
the installation of the subdrains. The per
forated pipes should be connected to a non
perforated pipe carrying the water collected 
to a suitable disposal area. A schematic 
diagram showing the recommended subdrain con
struction is presented as Enclosure 6.4. 

The slide debris re~oved should be moist
ened or allowed to dry to a near optimum 
moisture content. This material may then be 
replaced into the excavation in lifts not to 
exceed 8 inches in maximum thickness and 
each lift compacted to a relative compaction 
of at least 90 percent (ASTM D 1557070). As 
the fill is placed, the exposed slide plane 

should be benched to fully remove the dis
turbed soil and to assure good contact bet
ween the compacted fill and the firm, 
underlying material. The completed slope 
should be c:onstructed no steeper than 1 1/2 
horizon tal to 1 vertical. The original 
drainage terraces that were present prior to 
the landslide should be reconstructed and the 
slope surface planted with appropriate light 
weight, erosion-retardant vegetation. 

The toe key and exposed recent landslide 
surface should be inspected by the Soils 
Engineer and the Project Geologist prior to 
replacing any material. The placement of the 
landslide backfill should be inspected and 
tested by the Soils Engineer to verify the 
adequacy and uniformity of compaction ob
tained. The installation of horizontal wells 
should also be inspected by the Project 
Geologist to determine if field adjustment in 
positioning and/or length of wells are war
ran ted by field conditions. 

Enclosed with and completing this report 
are the following (renumbered for this 
volume): 

Enclosure 1: Recommended Subdrains 
Enclosure 2: Test Boring Logs 
Enclosure 3: Direct Shear Test Data 
Enclosure 4: Su bdrain Installation 

Respectfully submitted, 

JOHN R. BYERLY, INC. 

ENCLOSURE 6.1 

min.-

Cross-section of recommended su bdrains 



ENCLOSURE 6.2: Whirlaway Lane 225 

Test Depth Driving Energy Dry Density Moisture Description 
Boring (ft) (KIP-ft/ft) (PCF) Cont. (%) (abbreviated) 

4 5-6 3.6 93 26.2 Moist; firm 
4 10-11 5.4 96 27.7 Moist; stiff 
4 15-16 7.2 87 32.2 Moist; stiff 
4 20-21 5.4 94 28.5 Moist; stiff 
4 23.5-24 Hand Driven 89 30.5 Slide plane 
4 25-26 12.0 96 27.7 Damp; dense 
4 30-31 13.0 96 28.6 Damp dense 
4 34.5-35 Hand Driven 93 28.4 Slide plane 
4 45-46 33.8 107 22.7 Moist; dense 
4 52-53 75.6 109 20.7 Very moist; dense 
5 10-11 3.0 93 23.7 Moist; soft 
5 15-16 3.0 89 32.4 Moist; stiff 
5 20-21 12.0 97 32.0 Moist; hard 
5 25-26 6.8 94 31.4 Moist; hard 
6 5-6 6.0 108 20.7 Damp; stiff 
6 10-11 9.0 107 22.2 Damp; stiff 
6 15-16 15.0 110 22.1 Damp; hard 
6 20-21 22.5 112 21.2 Damp; hard 
6 25-26 12.0 III 17.9 Damp; hard 
6 30-31 9.8 109 22.5 Moist; hard 
6 35-36 8.3 102 25.6 Very moist; hard 
6 40-41 12.8 105 24.5 Hea vy seepage 
6 45-46 11.3 105 24.8 
7 5-6 10.5 98 25.0 Slightly damp; stiff 
7 10-11 10.5 104 23.7 Damp; stiff 
7 15-16 15.0 107 31.7 Damp; stiff 
8 5-6 6.0 97 24.1 Damp; firm (fill) 
8 10-11 9.0 109 16.1 Damp; stiff 
8 15-16 6.0 109 15.3 Slightly damp; stiff 
8 20-21 7.5 III 14.2 Sligh tl Y damp; stiff 
8 25-26 6.8 104 19.4 Slightly damp; stiff 
8 30-31 15.8 106 19.4 Damp; hard 
8 35-36 12.8 100 25.5 Damp; hard 
8 40-41 13.5 108 20.8 Damp; hard 
8 45-46 12.0 103 23.7 Free ground water 
11 5-6 13.5 115 16.3 Damp; stiff 
11 10-11 19.5 117 15.3 Damp; stiff 
11 15-16 10.5 100 26.5 Slightly damp; stiff 
11 20-21 15.0 101 26.8 Damp; stiff 
11 25-26 11.3 98 24.1 Sligh tl y damp; dense 
11 30-31 10.5 106 23.6 Slightly damp; dense 
11 35-36 11.3 101 26.5 Slightly damp; dense 
11 40-41 9.0 101 25.9 Slightly damp; dense 
11 45-46 12.8 112 20.4 Slightly damp; dense 
11 55-56 45.0 109 20.0 Moist; hard 
11 60-61 36.0 118 12.4 Moist; hard 
12 5-6 9.0 102 22.5 Moist; stiff 
12 10-11 7.5 91 28.0 Damp; mod. stiff 
12 15-16 13.5 99 26.7 Damp; stiff 
12 20-21 15.0 103 24.5 Damp; stiff 
12 24-25 16.5 93 28.8 Damp; stiff 
12 30-31 9.0 97 25.1 Damp; stiff 
12 35-36 15.0 93 26.0 Hard 
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ENCLOSURE 6.3: Direct Shear Test Data 

1: SHEAR ~ 
STRESS /4 

3000psf 

1000psf 

10ft OVERBURDEN ,251\ 
i 

1000psf 3000psf 

'" .,,'" 
.,,04 

'" 'I 
." boring # 

1
37ft 

- (J 
NORMAL PRESSURE 

ENCLOSURE 6.4: Schematic Diagram of Subdrain Installation 

FRONT ELEVATION SECTION 
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THE TRUNCATION - AND o. BUTTRESSING OF AN. ANCIENT 
LANDSLIDE BY THE SAN ANDREAS FAULT, 

SAN BERNARDINO COUNTY, CALIFORNIA 

Gary S.Rasmussen Gerald J. Grimes 
Gary S. Rasmussen and Assoc., Inc. 

1811 S., Commercenter W. 
John R. Byerly Inc. 

2230, South Riverside Ave. 
San Bernardino, CA 92408 Bloomington, CA 92316 

PREFACE 

The following text reproduces verbatim a geologic report. It is 
intended to serve as an example of recommendations for the initial develop
ment of a tract that includes a previously recognized ancient landslide. 
The tract involved was at the edge of development along the foot of the San 
Bernardino Mountains, where it follows the trace of the San Andreas fault. 
The text of the original report has simply been reformatted to fit this 
volume; figure captions indicate where cropping or simplification has been 
necessitated by the new format. 

Sept. 12, 1979 Project No. 1109-7 

Subject: 
Subsurface Engineering Geology Investigation 
of Landslide on the Northeastern Portion of 
Tract 8277, Lots 100-103, San Bernardino, 
California. 

A subsurface geologic investigation of the 
landslide on the northeast portion of Tract 
8277 (Lots 100-103) has been conducted at 
your request. The purpose of our investig
a tion was to determine the character and 
stability of the existing landslide referred 
to in our report dated August 2, 1977. The 
portion of the tract under investigation is 
northeast of the San Andreas fault, located 
in the northeast portion of the tract (see 
Enclosure 5). 

The grading plan used for the initial 
portion of this investigation was prepared 
by WES Engineering Company at a scale of 
1 inch equals 40 feet, dated September 12, 
1978, and signed by WES Engineering on 
November 22, 1978. During the investigation, 
the grades of the logs were changed and a 
revised copy of the grading plan dated June 
1, 1979 was used. All grades used for this 
investigation are from the June 1, 1979 
revision. 

LANDSLIDE INVESTIGATION 

A landslide plane was observed in the 
field and traced along the surface where it 
daylights in the northeast portion of the 
site. Seven borings were excavated in the 
area under investigation to intercept the 
landslide plane. All of the borings were 
logged downhole and are included as Enclosure 
3. 

In addition to the information obtained 
from boreholes and surface exposures, inform
ation from previous investigations on Tract 
8277 (Rasmussen, August 2, 1977) and sites 
adjacent to it (Rasmussen, January 5, 1979), 
was used to help evaluate the dimensions and 
age of the landslide. 

I .. ANDSLIDE 

The landslide is approximately 3,000 feet 
long by 300 feet wide on the site and may ex-
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tend much farther to the northwest. It ap
pears to be a very ancient landslide which 
was at one time probably much larger. Through 
time much of it has been eroded away. 
Material within the landslide was entirely 
derived from the Potato Sandstone, a moder
ately cemented, medium to coarse-grained 
sandstone with pebbles and cobbles. The de
gree of fracturing and competency of this 
landslide material varied, but the general 
condition was for the more fractured, less 
competen t ma terial to occur towards the 
northwestern portions of the landslide. 

The age of the last movement of this land
slide can roughly be determined by the amount 
of alluvial material that has been deposi ted 
at the toe of the landslide and visible evid
ence of terrace deposits deposited on land
slide material in the south portion of the 
landslide. The terrace deposits in this a rea 
ha ve not been dated but are estimated to be 
30,000 to 100,000 years old, based on their 
stratigraphic position, red-brown color, the 
thickness of the soil profile developed on 
them, and the amount of incision by down
cutting streams (Rasmussen, December 4, 
1978, Project No. 1389-3). The alluvium at 
the base of the slide is mapped, by Dutcher 
and Garrett (1963), as older alluvium, of 
probable late-Pleistocene age. We concur 
with this age for most of the alluvium on 
Tract 8277; and therefore, this landslide is 
not thought to have had any major movement 
within the last 11,000+ years. 

Originally, the landslide may have been 
quite large; but it is difficult to tell how 
large it was since a majority of the mass of 
the landslide has been eroded. Although most 
landslide planes are curviplanar in shape, 
the landslide plane encountered in this in
vestigation is essentially flat. This is 
probably an artifact of this slide being only 
a small portion of a once much larger land
slide. 

Much of the landslide material has been 
displaced from the toe of the landslide by 
horizon tal movement along the San Andreas 
fault; alluvial Inaterial and fault gouge now 
occupy the former position of the toe of the 
landslide materials, creating a natural but
tress of alluvium that is not landslide. The 
proposed grading will remove a large portion 
of the top of the landslide, alleviating much 

of its driving force (weight in the upper 
portion) and reducing the potential for 
future sliding. The elimination of much of 
the driving force, in conjunction with the 
existance of a large mass of alluvial mater
ial buttressing the toe of the slide, makes 
the slide potentially stable from a geolog
ic stand-point. Stability calculations based 
on a worst case slide plane geometry, as 
shown in cross-sections A-A' and D-D', in
dicate that the slide is currently stable. 
Shear strength determinations based on undis
turbed samples and stability calculations 
were performed by your soils engineer for the 
project, CHJ Materials Laboratory. 

The majority of material within the land
slide appears to be relatively competent; 
however, the western portion of the slide is 
composed of relatively less competent mater
ial. The west-facing cut slope, west of Lot 
100, will be in the relatively less competent 
material. This slope may not be stable at 
the proposed 1.5:1 (horizontal to vertical) 
inclination. Human occupancy structures 
should be set back from the top of the slope 
by a minimum distance equal to at least a 2:1 
(horizontal to vertical) plane extending up
ward from the toe of the slope. 

Differential ground response along the 
landslide plane resulting from severe shaking 
during an earthquake may cause structural 
problems for footings on Lot 100; therefore, 
it is recommended tha t footings for the 
residence on Lot 100 not be placed across the 
landslide plane. Furthermore, footings for 
structures on that lot should be strength
ened because of the relatively less competent 
nature of material underlying that lot. 

CONCLUSIONS 

An ancient landslide exists under Lots 
100-103, and has apparently not moved for 
11,000+ years. This landslide is considered 
currently stable and suitable for construc
tion of single-family residences based on 
geologic condi tions and sta bili ty calcul
ations. 

Relatively more fractured, less competent, 
material composes the northwestern portion of 
this landslide (material underlying Lot 100) 
and a strengthening of footings on this lot 
is recommended. 



The toe of this landslide is buttressed by 
a 60-100 foot thickness of competent alluvial 
material south of the San Andreas fault. 

RECOMMENDATIONS 

Footings for structures on Lot 100 should 
be strengthened and should not be placed 
across the landslide plane on that lot. 

Any structures placed on Lot 100 should be 
set back a distance from the toe of the 
northwest-facing slope equal to twice the 
vertical distance, because of the relatively 
less competent nature of the material in that 
cut slope. Refer to Enclosure 2 for a schem
a tic of this recommend a tion. 

All cut slopes and pads northeast of the 
San Andreas fault, in the landslide area, 
shou1d be inspected by a qualified engineer
ing geologist at the time of the grading 
process. 

Respectfully submitted, 

Gary S. Rasmussen & Associates, Inc. 

Enclosures: 
[renumbered] 
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ENCLOSURE 2: 

~~;t::? 
Minimum recommended setback 

\c=:r 

Minimum Recommended Setback is the 2: I plane 
from the slope face that emerges farthest 
from the crest of the slope. 

ENCLOSURE 3: 

Legend for boring logs 

17.7/// 

l;~~~/. 
///// 
~//// 

,."",.,.,:
:'"~'<.x~ 

Fill 
Terrace deposit 
Zones of CIa y 
Potato Sandstone (landslide) 
Pota to Sandstone 

SPN75W40S 
C N85W50S 
FrN60W70N 

Slide plane attitude 
Con tact a tti tude 
Fracture attitude 

9 
'V 

Seepage encountered 
Standing water 

Apparent dip of fracture 

Apparent dip of 
landslide plane 

All depths in feet below top of boring. 
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Bucket Auger Hole 1 

!'1'ujt.:d 11 ,, ~ - () 

Tract 8277 

Base of Slope Between Lots 100-101 Date May IS" 1979 
Location oC Hole Logged by_G-=--G ___ _ 

GEOL(XjlC DHILUNG LOG NO. __ I_ Too Hole Elev . ---1.fu!b 
'H c Dia . 24"-20" '---
T}tJC or Rig fulcket Auger 

(: " c Abbrt:viation List attached) Sheet 1_______ Noles by~_~ 

ATTITUD~~--Fg-L---' ENGINEER[NG GEOLOGY DESCRIPTION~~~:i~OLN 
_ _ __ ~rienlation~------------------------+------

L S IN-.J 

N50E30S 

N301~20S 

N1511iS 

Fill 
Landslide Blocks of Potato Sandstone 

well cemented, highly weathered, light gray 
sandstone with 50\ pebbles and cobbles 

@ 6' filled fractures 

@ 14' fi lled fractures 

@ 20' 6" !a" red clay failure plane 
seepage 

Large landslide block of Potato Sandtones 
well cemented, slightly fractured, unweathered 
light gray sandstone with 50\ pebbles and cobbles 

Moderately 
hard 

Dry 

Very hard 
wet 
20" bucket 
used 

Zone of movement, '1" red clay above I-lit" ~gff fracture 
':"':"b-',,",4-+-r-_Red C I a y wh ic h meet on south sid __ e_o_f_h_o_l_e ______ -,I-v_e_r....:.y_w_e_t __ 

rotato Sandstone, landslide blu~k 

Potato Sandstone, landslide block 
competent, slightly fractured 

Refusal 

Bottom @ 51' 
Refusal @ 51' 
Seepage @ 21' 
Seepa-ge @ 34' 

.2 ' of standing water 
No caving 
Hole backfilled 

Very hard 
wet 

Very hard 
wet 



Bucket Auger Hole 2 

TOV Hole Elev._~QL __ 
I Ie Dia . 24'--0' -----0-- -

1 J pe of R ig ~ucket Aug~~ 

C N85W50S 

GEOLOGIC IJHILLlNG LOG NO . _2 __ Plvjl:d __ '_~ ____ _ 
Tracl_~ _ ____ ._ 

. Base of Slope (South) _ on Lot __ ~Q?_ Date _May_ IS 1979 
- ·----iOcaliOn-o( l!ole Logged by_ ....:GJ=-"G'--__ 

Shcet_l_ of_L Notcs by __________ _ 
-. ------ .--.----------- -------- .- - -- -- - -PHYSICAL 
ENGINEEHING GEOLOGY DESCHIPTION CONDITION 

Terrace deposit. Red-brown clayey sand 

Potato Sandstone, landslide block 
~oderately fractured, uniform, tompetent 

@ 23' ~-l" thick red si lty sand 
slight seepage 

29' Very lIIoist 

Bottom @ 42' 
Seepage @ 23' 
No standing water 

i1~I~a~~gfriJ led 

St iff 
Dry 

lIoderately 
liard 

Bucket Auger Hole 3 

Too Hole Elcv . l.,u4 
JI e Dia. ~4':':'.==--~ 
T~,.Je of Rig _llUtke.t _A\.Iie.I... 

(~~e Abbr<:vi31ion List allacl,ed) 

GEOLOGIC IJHILLI"G LOG NO ___ S_ 

~~.~~_.Q..L~! qp~ __ (~~I!! ~J _~!__QLJ_Q . .IL_ 
Location of Hole 

Sheet .l_of _L 

Project J, ,,~-() 
Tract Si'i7- - --------
Date Hay Mt J2l..!L __ ~ 
Logged by ___ _ ___ . __ __ __ _ 

~~~-==--- :::::-- :.:: :~~':.:: 
AT~-I~~~-~ JiJog -[ ----- -E-~(;;~:~{~~~-~~~·:~~~~~:~~~~~ ~bl~~:~toLN 

--LO_~ie~t~on} ---- -- ------.----- - - .---- - - ----------11---

La 

15 

20 

jj~~ 
//// 
//// 
/"'// 
/./// 

Stiff 
Dry 

~~~~/ j Terrace deposit, red-brown, clayey s~nd 

//// - -_._- _._--------------+------
LandslIde block or blocks, 
Potato Sandstone. moderately fractured 

@ 14' Rock becomes moist and weak 
lIighly weathered silty sand in sOllie 
discontinuous layers 

I 18' 10" Severe caving, no down hole 
inspection below this point, heavy seepage 
approx. 1'/15 min. 

BottOIi @ 24' 
Seepage @ 17' 
Caving @ 18' 10" 

No downhole inspection below 18' 10" 
Standing Water @ 22' 
IIDle backfilled 

~Ioderately 
Hard 
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Bucket Auger Hole 4 

Top Hole J::lev . --=1,-,-1..::1)..:..7 __ _ 
H e Dia. --,~-,,2_" ____ _ 
T.,.{>e or Rig Bucket Auger 

GJ:;OLOGIC IJHILLING LOU NO.----L-

Base of slope South of Lot 103 

1'L UJ<: d --l.ll!4oL.;...-,'--___ _ 

~act~8~2~7~7-~~----
Date ~la6 30 1979 

(Sre Abbreviation List all:lched) 
Logged by-,GJ~G __ _ 
.Notes by _____ -=....:.:.=.-:-_: .-

~TTITUDES jLOg [ ENGINEERING GEOLOGY DESCRIPTION 

___ -i
r Orientation it--------------- -------

Fr EN 26N 
F-· N20E35NW 

F N60W70N 

L N I S...J 
.~:..;~ 

:~T 
.:~~. 

? 

15 

Potato Sandstone landslide material 
well cemented sandstone and conglomerate 

~" red clay 

la"_~" red clay, light seepage 
Sandstone becomes very fractured 
wi th roots in fractures between 7' and 11' 

12' caving and moderate seepage 

13' and 15' continuous filled fractures 

@ 20' North side of hole competent sandstone 
S'outh side of hole very fractured 

@ 2S' South side of hole competent sandstone 
North side of hole very fractured 
with a lot of clay and sand 

Potato Sandstone landslide material 

San Andreas fault 
Black clay 

52' very ha rd 

Bottom of hole 52' 
Seepage @ 8' and 12' 
8' of standing water 
Caving @ 7'-11' 
Hole backfilled by do.er 

PHYSICAL 
CONDITION 

~loderately 

hard 
~Ioderately 
fractured · 

Very fractu .. 

Moderately 
fractured 

Moderately 
fractured 

Stiff 
Wet 



Bucket Auger Hole 5 

Top lIo.le E~2':'.' --=.1..:..~_20-,--__ 
II Ie DI3. ______ _ 

T,,>e of Rig Bucket Auger 

(~·e Abbreviation List attached) 

GEOLOGIC mULLING LOU NO. __ 5 __ 1'IOjcct_!~ 
Tract 8277 -.---. 

In Ravine between Lots 100-101 Da~ ~~ __ ~ 
Location ofJiOie------- Logged by_~ ______ . 

Notes by _______ _ 

Sheet _Lor _ £ 

AT~'~~~~- JLOg- [-.-,- --:~~~~~:~~G ~~OLOGY DES·~:;:~fI~~ _-__ - __ - . _-_--_-~-.·~t~-t~-g.·:-.1~o-11 
____ -r-0rie!.!r~ti()n t-------- - - --------- --. -.-- - --_. --

L - N. L l~-J I FlU, uncontlolled 1111 III bottom of canyon 

2 ~~~ 

I 
lui 
"1ilf 

r./.~ . 

I 

~ Potato Saudstone I,mdsl ide material 

I~ell cemellted sandstone and conglomerate 

o @ 36' Heavy seepage 
~ Cav ing 

Modcr;Jtely 
lI;Jrd 

Moderately 
Fractured 

Very 
Fractured 

h< EW70S 

60 

65 

48' 2"-3" Red clay 

SO' caving 

Landsl ide plane 
I! 54' 4"-5" continuous clay layer near lIorizontal t200 

Potato Sandstone 
COlllpetent., does not appear to be landslide 
JIIaterial 

Bottom at 65' 
Seepage @ 36', 43' 
II' of standing water 
Caving I! 36', 43', SO' 
Flow approximately 2 gallons per minute 
Hole backfilled by dozer 

Moderately 
Fractured 

Moderately 
fractured 



~" EW55S 

'j{ N40W70S 

NIOE44E 

N7SW40S 

~:-':'.~,;.:; 
"."'.-

Top Hole Elc~?rr~ __ 
} Ie Dia. ______ _ 

l J pe ot Rig ~l!£~~~ 

(7le Abbrt=yialion List attached) 

Sandstone becomes very fractured 
Large (8"-10") chunks of rock' had to be 
Tt!moved frOiIl wa 11 s of boring 

1/8"-1~" clay. secondary sl ide plane 
Sandstone becomes hard and competent 

Bucket Auger Hole 6 

GI::OL(XjIC DHILLli\G LU<": l"O._b __ 1 ' 1 uju, t _Lll~ ___ . ____ _ 

Lot 102 
Tracl~8~2~7~7 __________ __ 
Date May 31, 1979 

Location or~901e Logged by GJG _______ ._ ... 
Notes by __ . ___ ... _. 

SheeL LoC _1. 
PHYSICAL 

CONIHTION A~;I~~~~~ " -J~g-[ .. ---- ::G~N-EEHJNG ~-:~~~~-: DE~CH-I':'l~l~~--
rOrienlation -. 

~Iodt:rately 

Fractured 

Very 
Fractured 

Moderately 
Fractured 

N3S113US 

NSS7W 

';'111 
~5 :tji! 

'-;-r..~~ 

Potato SanJstone landslide material 
16" Bucket had to be used below this point 
then hole reamed out to 22" 

btl Fracture zone 

1/16"-~" Red clay 

Below 65' only 16" Bucket was used and 
hole was not downhole logged 

Bottom @ 75' 
No seepage 
Caving at 15-25' 
/lole backfilled 

PtlYSICAL 
CONDITION 

51 ight Iy 
Fracturt:d 
Very liard 

Moderately 
Fractured 
SI ightly 
Fractured 
Very Hard 
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Bucket Auger Hole 7 

l-'l"vJcd Ilu!J - I ____ _ 

TTact~8~2~77~~~--
Date May 31, 1979 

Top Hole l::lcv. __ l_S_40~ __ 
.. Ie Dia. -.::;2;;..2_" ____ _ 
1.1pe of Rig _ Bllder Allger 

Gl::OLOGIC DHILLlNG LOG NO._7 __ 

pad 100 

('~·~e Abbreviation List attached) Location of Hole 
Sheet.l-

Loggedby_~G~IGL-__ 
Notes by 

r" N65W40S 

l-R N401l'40SW 

SP :\501V285 

-:- ~ .-.. : 

ENGINEERING GEOLOGY DESCRIPTION 
PHYSICAl 

CONDITIO 

r--------------------------------~-----

Potato Sandstone landslide material 
Highly fractured, very weathered 
with soil filled fractures 

• 22' Sandstone becomes more competent 
and less weathered, but still 
highly fractured 

lj" fracture zone, hi&hly weathered, no apparent 
aOVCllent 

Potato Sandstone landslide material 

Slide plane 4" clayey silt with rock fragments 

Potato Sandstone bedrock 
may possibly be landslide block 

Bottom @ 60' 
No seepage 
No caving 
Hole backfilled 

Highly 
Fractured 
Very 
Weathered 

Less 
Weathered 

Less 
Fractured 

Moderately 
Weathere"d 
~loderately 

Fractured 

~'oderately 
Fractured 
Slightly 
Weathered 

235 
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ENCLOSURE 4: 

A 

1~40 

1500 

1460 

1420 

8 

1540 

I~O 

1460 

c 
1580 

D 

1460 

Qal 

Cross Sections of Landslide 

Qal 

'V. 

'<1/1 . v/~// .' . ,.nlL. '. . " 

'Vj~~.;~~<-< 
1;;;; I 

7 
_L-_ 

/." . 
/. -.. 

__ B...--2_=- Y . . . 

1~40 

1460 

TpSS 

1420 

8' 

1580 

Tpss/l.5 I~ 

------.:....-:-...-:..._..J 1460 

Tpss 

8-6 

1500 

1460 



E 

1500 

-_/ 

4 8-1 
8- "" 

YlillK ;. 'V 

Q_l ~~ .~"IL' 
"«!/II/ I . 

F 

1460 

1420 

G 

1500 

__ ~il 

1460 

Qal 

1420 

Legend 

Qal - Alluvium Qt - Terrace Deposit 
Tpss/Ls - Potato sandstone in landslide 
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EO 

1580 

1~40 

I~OO 

1460 

F' 

1540 

I~OO 

'V " 

1460 

'flISi 

GO 
1580 

1540 

Tpss/Ls • I~OO 

'flI$S 

1460 

1420 

SAF - San Andreas fault zone 
Tpss - Potato sandstone 

",--- Geologic contact ______ Natural surface -- - Final grade of surface 

BI Boring, projected perpendicular to section, dashed where not logged 
, 
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ENCLOSURE 5: Portion of 40-scale map from original report 
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PRELIMINARY GEOLOGIC INVESTIGATION 
OF THE SOUTHERN GLEN HELEN RANCH PROPERTY 

Wessly A. Reeder Gary S. Rasmussen 
Gary S. Rasmussen and Associates, Inc. 

1811 S., Commercenter West 
San Bernardino, CA 92408 

PREFACE 

This contribution is takenl, verbatim, from a preliminary geologic site 
investigation. The text format has been altered to fit this volume; the 
figure captions indicate the extent of redrafting. The report serves as an 
example of a general site investigation, in which the analysis of slope 
stability accompanies consideration of seismic safety, ground water, and 
the potential for flooding. 

The site includes the southernmost tip of the ridge that separates 
Lytle Creek and Cajon Creek. Possible geologic constraints for development 
include landslides recognized on this ridge. The landslides will require 
evaluation in greater detail if development is proposed on or near them. 

April 14, 1986 Project No. 2248 

Subject: 
Preliminary Engineering Geology Investig
ation, Southern Glen Helen Ranch Property and 
adjacent Lytle Creek Wash, Portions of Sec
tions 9, 10, 11, 14, 15, and 16, TIN, R5W, 
SBB&M, West of Verdemont, California. 

In accordance with your request, a prelim
inary engineering geology in vestiga tion of 
the si te has been conducted. The purpose of 
the investigation was to identify and eval
uate, from a preliminary standpoint, geologic 
constraints that would affect development of 
the site. This investigation is intended to 
be a feasibility investigation only. More 
detailed geologic investigations will be re
quired when the nature and extent of proposed 
development is better known. The approximate 
boundaries of the study area are shown on the 
index map. 

Much of the site is included within Al
quist-Priolo Special Studies Zones designated 
by the State of California to include traces 
of suspected active faulting associated with 
the San Jacinto and Glen Helen fault zones. 
This investigation is not intended to satisfy 
the requirements of the Alquist··Priolo Spec
ial Studies Zones Act. 

A series of 200-scale topographic maps, 
prepared by the San Bernardino County Flood 
Control District and compiled from aerial 
photographs flown in 1962 and 1967, were 
spliced together and reduced to provide us 
with a base for our geologic map. The 
400-scale geologic map, completed during this 
investigation, is included as Plate 1 [only 
the portion representing landslides is in
cluded here]. The base map reflects topo
graphy and features that existed on the site 
in 1962 or 1967. Therefore, Plate 1 does not 
include new construction (such as the Sher
iff's Academy), roads, cuts, or placement of 
fills subsequent to 1967. 

SITE INVESTIGATION 

A geologic field reconnaissance of the 
site and surrounding area was conducted on 
April 1, 1986. In addition, our investig
ation included review of stereoscopic aerial 



photographs flown in 1938, 1971, 1978 and 
1984; review of pertinent geologic literature 
and maps, including reports in our files on 
nearby projects; and review of significant 
seismic inf orma tion, inel uding recorded, 
historic earthquakes. A list of references 
is included as Enclosure 1. 

The site is located west of Verdemont, 
south of Glen Helen Regional Park, and immed
iately south of Verdemont Ranch. The con
fluence of Lytle Creek and Cajon Creek is 
located southeast of the site. The study 
area encompasses approximately 1,500 acres, 
a large portion of which is located within 
Lytle Creek wash. Insti tu tion Road and Ver
demont Ranch Road traverse the eastern and 
northern portions of the site. The Glen 
Helen Rehabilitation Facility and the Sher
iff's Academy are located within the central 
portion of the site. Sewage effluent ponds, 
a rifle range, several wells, a borrow pit 
and a steel water tank are also located 
within the study area. 

The portion of the site located immediate
ly south of Verdemont Ranch was being 
utilized for agricultural purposes at the 
time of our investigation. The area north
east of the Glen Helen Rehabilitation Facil
ity has been utilized for agriculture and/or 
livestock grazing in the past. The hillside 
area of the site, which reaches an elevation 
of 2,065 feet, was in a relatively undisturb
ed state at the time of our investigation. 
The hillside area consisted of thick brush 
with localized areas of scrub oak. A large 
portion of the hillside area had been burned 
off during a recent brush fire. Review of 
the aerial photographs indicates that this 
portion of the study area has experienced 
brush fires several times in the past. The 
areas wi thin Cajon Creek Wash and Lytle Creek 
Wash consisted primarily of a light to moder
ate growth of brush with occasional, scat
tered small trees. 

SITE GEOLOGY 

The site lies near the boundary of three 
large structural blocks: the Transverse 
Ranges, the San Bernardino Valley Block, and 
the Perris Block. The boundary of the Perris 
Block in this area is considered to be the 
San Gabriel Mountains (Cucamonga fault) and 
the San Jacinto fault. The San Gabriel 
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Mountains, which are part of the Transverse 
Ranges, are located northwest of the site. 
The San Jacinto fault is suspected to trav
erse: the site in a northwest to southeast 
dif(!ction. 

The San Bernardino Valley Block is located 
nor1theast of the San Jacinto fault and south
west of the San Andreas fault. The exact 
structural boundary between the Perris Block 
and the San Bernardino Valley Block in this 
area is complicated by the occurrence of 
sev(~ral strands of the San Jacinto fault and 
by the Glen Helen fault. Both faults are 
suspected to traverse the site. 

-
The si te and surrounding area have been 

mapped by several previous workers and are 
shown on published geologic maps (Eckis, 
1934; Dutcher and Garrett, 1963; Dibblee, 
1971; and Morton, 1974, 1976). These various 
published geologic maps do not differ dramat
ically from one another as is sometimes the 
case:. Three generalized geologic uni ts occur 
within the study area. These geologic units 
include older and younger alluvial deposits 
and granitic bedrock. 

The bedrock exposed within the study area 
is lrestricted to the hillside area southeast 
of Verdemont Ranch and northeast of the Sher
iff'!) Academy. The bedrock consists primar
ily of quartz monzonite, but varies in com
position to granodiorite (often synonymous). 
Not differentiated on the geologic map 
(PIa te 1) are lenses of metamorphic rock, 
which are partially assimilated within the 
granitic pluton. These lenses of metamorphic 
rock often exhibit well-developed foliation 
and folia tion a tti tudes are included on the 
geologic map. The limited areal extent of 
thes.e lenses suggests they do not pose a 
sign.ificant hazard with respect to slope 
stability, but should be evaluated in greater 
detail as specific areas are proposed for 
developmen t. 

Older alluvium is exposed south of the 
V erdemon t Ranch, west of the hillside area, 
immediately northeast of the Glen Helen Re
habilitation Facility, and along Verdemont 
Ranch Road. These deposits are considered to 
be at least late Pleistocene in age, based 
on soil development, deformation, geomorph
ology, topographic position, clast lithology 
and clast weathering. The older alluvium 
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exposed south of Verdemont Ranch, northeast 
of the Glen Helen Rehabilitation Facility an9 
along Verdemont Road, may represent materials 
of different age and/or separate environ
ments of deposition. They are not different
iated on the geologic map. 

Younger alluvium occurs within the study 
area associated with the active drainages 
and recently active drainages of Lytle Creek 
and Cajon Creek and with alluvial fans and 
active drainages associated with the b(~drock 
hillside area. 

Enclosure 4 of this report shows the dif
ferent soil types expected on the site accor
ding to the USDA Soil Conservation Service. 

SEISMIC SETTING 

The site is located in a complex area near 
the structural con vergence of the San J acin to 
fault with the San Andreas fault. Th(! Glen 
Helen fault, which is suspected to traverse 
the northeast portion of the site, may 
facilitate the transfer of motion from the 
San Jacinto fault to the San Andreas fault. 
The San Jacinto fault is shown on published 
geologic maps as consisting of several 
strands. Some of these fault strands are 
based on the occurrence of apparent ground
water barriers within Lytle Creek Wash. The 
apparent ground-water barriers are included 
within the Alquist-Priolo Special Studies 
Zones. 

The northwest-trending San Jacinto fault 
is considered to be the most active fault in 
sou thern California. Trenching in very young 
alluvium southeast of the site across the 
trace of the San Jacinto fault has confirmed 
very recent epsiodes of fault rupture. The 
San Jacinto fault is characterized by right
lateral, strike-slip movement. 

The Glen Helen fault may be an en-echelon 
strand of the San Jacinto fault. Based on 
geomorphic expression alone, the Glen Helen 
fault may represent the most active strand of 
the San Jacinto fault north of the site. 
Like the San Jacinto fault, the Glen Helen 
fault is characterized by right-lateral, 
strike-slip motion. 

The approximate locations of the buried 
traces of these faults are shown on Plate 1. 

These locations are based on review of exist
ing geologic literature and maps, extrapol
ation of fault exposures southeast and north
west of the site, and on possible subtle geo
morphic and/or vegetational expression as ob
served on aerial photographs. More detail
ed geologic investigations will be required 
to locate these faults accurately. 

In addition to the San Jacinto and Glen 
Helen faults, at least two other active or 
potentially active faults may traverse the 
site. One of these faults is nearly coincid
en t with the southwest margin of the bedrock 
hillside area northeast of the Glen Helen Re
ha bili ta tion Facility and southwest of Verde
mont Ranch. This fault apparently merges 
with the San Jacinto fault northwest of the 
site. The fault shows up well as offset 
drainages, aligned topography, and southwest
facing fault scarps, on aerial photographs 
flown prior to the development of the Glen 
Helen Rehabilitation Facility. At the time 
of our investigation, the fault was well ex
posed in a borrow area at the base of the 
hillside located between the Sheriff's Acad
emy and the Glen Helen Rehabilitation Facil
i ty. Based on a preliminary eval ua tion of 
the fault geomorphology and the offset of 
soil profiles within the borrow area, it is 
our opInIon that this fault is probably 
active and is a significant tectonic feature 
in this area. The fault appears to be char
acterized by right-lateral, reverse movement 
(northeast side upthrown). Because of the 
importance of this fault we have named it the 
"Verdemont Ranch fault" and will be referring 
to it as such in the remainder of this report 
and in any subsequent investigations. 

Several other secondary faults are post
ula ted on the site. The locations of these 
faults are based primarily on review of aer
ial photographs, as good exposures were not 
observed during the geologic field reconnais
sance. The most important of these secondary 
faults is a set of northeast-trending faults 
immediately southeast of the bedrock exposed 
within the hillside area. These faults trav
erse the area near the boundary of the older 
alluvium with the bedrock, between the Glen 
Helen Rehabilitation Facility and the Sher
iff's Academy, and extend toward the north
east to Verdemont Ranch Road. Based on geo
morphic expression, which includes deflected 
drainages, it appears that this set of faults 



is characterized by left-lateral, strike slip 
movemen t. This set of nor theast-trending 
faults may be transferring motion from the 
Verdemont Ranch fault to the Glen Helen fault 
and the ref ore maybe active. 

Aerial photograph lineaments were noted in 
the north west portion of the bedrock hillside 
area. The subtle geomorphic expression of 
these f ea tures indicates that, if they do 
represent faulting, the faulting is probably 
inactive. 

The active San Andreas fault is located 
approximately 2 miles northeast of the site. 
The location of the main, active trace of the 
San Andreas fault is evidenced by vegetation 
lineaments, fault scarps, springs, linear 
ridges, and offset drainages. Although the 
San Andreas fault is characterized overall by 
right-lateral, strike-slip movelnent, the San 
Bernardino Mountains may have been partially 
uplifted along its trace. 

The Cucamonga fault is an east-trending 
fault located approximately 3 miles west of 
the site. This fault zone is characterized 
by left-lateral and reverse movement. The 
Cucamonga fault zone is the eastward extens
ion of the Sierra Madre fault zone, which 
was responsible for the Richter magnitude 6.4 
earthquake of 1971 in the San Fernando Val
ley. 

Other active or potentially active faults 
are located within the general region, but 
because of their greater distance from the 
site and/or lower expected max imum probable 
earthquake, they are considered to be less 
significant to the site. 

SEISMIC HISTORY 

The accuracy of locating earthquake epi
centers is not always sufficient to determine 
which fault they are associated with. Estim
ates of magnitude and epicenter locations 
for earthquakes prior to implementation of 
recording instruments were based on descrip
tions of the earthquakes by individuals in 
different areas. Seismic instrumentation 
did not become available until about 1932, 
and these earlier instruments were imprecise. 
The earthquake locations shown on Enclosure 2 
are either based on instrument locations or 
by analysis of isoseismal contouring. 
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The San Jacinto fault has been the most 
seis]nically active fault in southern Califor
nia (Allen, et al., 1965). Between 1899 and 
1986, seven earthquakes of Richter magnitude 
6.0 or greater have occurred somewhere along 
the San Jacinto fault between the San Gabriel 
Mou.ntains and Mexico (Lamar, et al., 1973). 
A summary of the dates of these earthquakes, 
their approximate locations, and their estim
ated Richter magnitude is presented in the 
following table: 

nate 

12-25-1899 
04-21-1918 
07-22-1923 
03-25-1937 
10-21-1942 
03-19-1954 
04-09-1968 

Location Richter 
Magnitude 

San Jacinto Valley 7.1 * 
San Jacinto Valley 6.8* 

south of Lorna Linda 6.3* 
sou theast of Anza 6.0 
southeast of Borrego 6.5 
east of Borrego 6.2 
Borrego Mountain 6.5 

(* - estimated magnitude) 

Earthquakes of Richter magnitude 6.0 or 
grea ter hat ve occurred every 5 to 19 years on 
the San Jacinto fault. The earthquakes in 
A 899, 19] 8, and 1923 occurred along the 
northern portion of the San Jacinto fault; 
the earthquake in 1937 occurred along the 
middle reach of the San Jacinto fault; and 
the earthquakes in 1942, 1954, and 1968 
occurred along the southern portion of the 
San Jacinto fault. 

The San Andreas fault has been seismically 
quie:t in southern California in recent time. 
The last significant earthquake along it in 
this area was the great earthquake of 1857, 
which was centered at Fort Tejon, north of 
Gorman. This fault has a pattern of almost 
no movement for long periods of time 
(145 years, Sieh, 1978), followed by a sudden 
release of energy. The Fort Tejon earth
quaJke had an estimated Richter magnitude 
grea.ter than 8.0, comparable to the 1906 San 
Francisco earthquake (Wood, 1955). In 1948, 
an earthquake of Richter magnitude 6.5 
occurred along the San Andreas fault in the 
Des.~rt Hot Springs area. Other, smaller 
earthquakes have occurred along the San 
Andlreas fault northwest and southeast of 
these locations. 
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Documented evidence for large earthquakes 
along the Cucamonga fault has only recently 
been found. This fault is part of the Sierra 
Madre - Cucamonga fault system, whkh did 
move in the 1971 San Fernando earthquake with 
a Richter magnitude of 6.4. Subsurface 
investigations by the U. S. Geological Survey 
have uncovered evidence of Holocene activity 
along the Cucamonga fault (Matti, et al., 
1982). 

No significant earthquake epicenters have 
been specifically attributed to the Glen 
Helen fault. 

SEISMIC ANALYSIS 

Significant earthquakes affecting the site 
could occur on anyone of the previously 
mentioned faults during the next one hundred 
years. 

Recurrence intervals for maximum probable 
earthquakes cannot be precisely determined 
from a statistical standpoint, as recorded 
information on seismic activity does Illot en
compass a sufficient span of time. However, 
based on the information available at this 
time, it is our opinion that the following 
maximum probable earthquakes should be expec
ted (at least 50 percent chance of occurrence 
within the next 100 years): up to Richter 
magnitude 7.5 along the San Andreas fault, 
up to Richter magnitude 7.0 along the San 
Jacinto fault and up to Richter nlagnitude 6.5 
along the Glen Helen fault. Larger earth
quakes could occur on these faults, but their 
probability of occurrence for that time 
period is lower. The San Andreas fault is 
probably the most significant fault to the 
site from a seismic shaking standpoint be
cause of the larger size of the maximum prob
able earthquake expected. 

Schnabel and Seed (1973) present data 
which show a relatively simple relationship 
between the distance from a causative fault 
and the ground accelerations in bedrock. 
Based on the data of Schnabel and Seed (1973) 
for a Richter magnitude 7.5 earthquake! along 
the San Andreas fault, approximately 2 miles 
northeast of the site, a maximum peak 
acceleration in bedrock under the site would 
be 0.72g. This corresponds to a maximum 
re peatable bedrock acceleration of 0.47 g 
(Ploessel and Slosson, 1974). 

These accelerations should not be used as 
a design val ue for insertion in the Uniform 
Building Code formula; ra ther, they should 
be considered as an aid in the eva I ua tion of 
the structural design of any structures to be 
placed on the site. 

SLOPE STABILITY 

Several types and ages of landsliding were 
observed on the site. The location and ex
tent of landsliding as shown on Plate 1 is 
based on review of aerial photographs and 
geologic field reconnaissance. Since detailed 
mapping was not conducted during this inves
tigation the number of landslides shown on 
Plate 1 should be considered as the minimum 
number of landslides on the site. More 
detailed studies of specific areas proposed 
for development will be necessary to evaluate 
further areas of suspected landsliding. 

Five general types of landslides were ob
served on the site. These are differentiated 
into two groups, surficial failures and 
deeper seated landsliding. The surficial 
failures include debris flows and areas of 
rapid soil erosion. These appear to be prim
arily the result of the loss of vegetation 
during brush fires combined with subsequent 
hea vy rainfall. Surficial materials on most 
steep slopes on the site are considered to be 
susceptible to surficial failures when veget
ation has been removed and during periods of 
intense precipitation. Mitigation of surfic
ial failures can often be accomplished by 
recourse ~o the appropriate engineering 
design. 

Deeper seated landslides on the site in
clude failure of colluvium, bedrock and older 
alluvium. The deepest seated and largest 
landsliding on the site occurs within the 
older alluvium adjacent to the Verdemont 
Ranch fault. These large landslides within 
the older alluvium may have been triggered by 
movement along the Verdemont Ranch fault or 
by seismicity associated with other nearby 
faults. The large landslide immediately 
northeast of the Glen Helen Rehabilitation 
Facili ty apparently overrides the trace of 
the Verdemont Ranch fault and therefore is a 
younger feature. Both the Verdemont Ranch 
fault and the large landslide are considered 
to be active (i.e. having experienced move
ment within Holocene time). 



The older alluvium exposed farther to the 
northeast along Verdemont Road is character
ized by east to northeast facing scarps. 
These scarps may be due to previous land
sliding, faulting, or ancient channeling. 
Geomorphic features associated with the 
scarps suggest that they may be related to 
ancient landsliding and represent head scarps 
of large landslides which failed towards the 
east and which may now be partially buried 
and buttressed by younger alluvial materials 
within Cajon wash. 

The granitic bedrock on the site is relat
ively massive. Extremely deep seated land
sliding similar to what was observed within 
the older alluvium is not expected within the 
bedrock areas. However, numerous moderately 
deep seated landslides were noted and are 
incl uded on PIa te 1. The metamorphic lenses 
observed within the bedrock are of limited 
areal extent and therefore, are not expected 
to pose a slope stability hazard due to 
out-of -slope foliation planes. 

GROUND WATER 

No evidence for springs or perched ground 
water conditions was observed during this 
investigation. Extrapolation of ground water 
depth data from Dutcher and Garrett (1963) 
suggests that, within the alluvial portions 
of the site, the static ground water is at 
least 50 feet below the ground surface. How
ever, numerous ground water barriers are 
expected beneath the site and may cause con
ditions of shallow and/or perched ground 
water within portions of the alluvial areas 
of the site. 

Liquefaction potential is expected to be 
low due to the coarseness and/or density of 
the on-site alluvial materials. However, 
site specific evaluations of geologic para
meters necessary for liquefaction to occur 
may be needed as development plans are gen
erated. 

FLOODING 

Geologic field reconnaissance and review 
of aerial photographs indicates that all of 
the flatter alluvia ted portions of the site 
(Qrc and Qrf on the geologic map) associated 
with Cajon Creek wash and Lytle Creek wash, 
have been subject to periodic flooding in the 
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past. The flood potential in some of these 
areas is currently partially mitigated by 
flood control levees. However, much of this 
area is included within a potential flood 
zone as shown on the Hazard Maps of the San 
Bernardino County General Plan (1982). Final 
flood susceptibility of the site should be 
evaluated by the project engineer. 

A small, steel, water reservoir is located 
just east of the Sheriff's Academy. Seismic
ally induced failure of this reservoir may be 
a potential hazard to any development placed 
in the immediate vicinity of the reservoir. 

CONCLUSIONS 

The purpose of this investigation was to 
identify the geologic constraints with res
pect to development of the site. Geologic 
mapping of the site at a scale of 1" = 400' 
was completed and is included as Plate 1. 
Based on the results of our preliminary 
reconnaissance geologic mapping, it is our 
opinion that a large portion of the site can 
be developed. Possible geologic constraints 
on the site include active faulting and land
sliding. Important active or potentially 
active faults which traverse the site 
include the San Jacinto fault, Glen Helen 
fault, Verdemont Ranch fault and a set of 
northeast-trending unnamed faults. Other 
faults and suspected faults identified on the 
site during this investigation mayor may not 
represent a potential seismic risk. 

Moderate to severe seismic shaking and 
possibly surface ground rupture could occur 
on the site during the next one hundred 
years. 

The large southwest facing landslides near 
the Glen Helen Rehabilitation Facility are 
considered to be at least potentially active 
and development could be greatly restricted 
in that area. Most of the other smaller sus
pected landslides on the site can probably 
be mitigated by proper engineering design 
and either be removed during grading or 
buttressed by fill. 

The broad alluvial areas associated with 
Cajon Creek wash and Lytle Creek wash ha ve 
been subject to flooding in the past. These 
areas are included within a potential flood 
zone as shown on the Hazard Maps of the San 



246 Reeder and Rasmussen 

Bernardino County General Plan. 

Surficial materials on the site are con
sidered to be moderately susceptible to 
erosion by water. Surficial materials on 
steep slopes are considered to be susceptible 
to failure, including debris flow failure, 
when vegetation has been removed and during 
intense precipitation. 

Liquefaction potential is expected to be 
low due to the depth to ground water and the 
coarseness and/or density of the on-site 
alluvial materials. 

Seismically induced failure of the small 
steel reservoir located just east of the 
Sheriff's Academy may be a potential hazard 
to any development placed in the immediate 
vicinity of the reservoir. 

RECOMMENDATIONS 

Several active or potentially active 
faults traverse the site. No human occupancy 
structures should be placed near the suspect
ed traces of these faults or within any of 
the Alquist-Priolo Special Studies ZOIlles un
til a subsurface investigation and/or more 
detailed geologic mapping better assesses 
their extent and state of activity. llrench
ing will be required for areas of the site 
proposed for development within the AIQuist
Priolo Special Studies Zones, near the Verde
mont Ranch fault and near the unnamed set of 
northeast trending faults. 

Detailed mapping should be conducted in 
specific areas as these areas are identified 
f or proposed developmen t. 

If development is proposed on or near sus
pected landslides, the landslides should be 
evaluated in greater detail. 

A Richter magnitude 7.5 earthquake is 
expected along the San Andreas fault, approx
imately 2 miles northeast of the site; 
therefore, we recommend human occupancy 
structures be designed accordingly. 

Positive drainage of the site should be 
provided, and water should not be allowed to 
pond behind or flow over any cut, fill or 
natural slopes. Where water is collected in 
a common area and discharged, protection of 

the native soils should be provided, as the 
native soils are moderately to highly sus
cepti ble to erosion by running water. The 
adequacy of existing flood control measures 
in the area and the final flood suscept
i bili ty of the si te should be determined by 
the project engineer. 

For overall planning purposes, the maximum 
inclination of cut slopes within bedrock 
should be 1.5: I (horizon tal to vertical). 
The maximum inclination of all other cut 
slopes should be 2:1. In the older alluvial 
areas, stabilization fills, buttress fills 
or slope cutbacks may be required where bed
ding is inclined out of slope or in areas of 
landsliding. In areas proposed for develop
ment, existing, cut and fill slopes should 
be planted in order to mitigate erosion. 

For planning purposes, structures to be 
placed at the base of steep slopes should be 
set back from the toe of the slopes at least 
a horizontal distance equal to half the slope 
height, or a maximum distance of 15 feet. 
Each slope and setback should be individually 
evaluated during review of the grading plan. 

All cut slopes greater than 15 feet in 
height, that are part of a much larger slope, 
should be provided with a concrete-lined "V" 
ditch above the top of the cut slope to pro
tect the slope from erosion. Cut slopes to 
be higher than 30 feet should be evaluated 
individually by the engineering geologist. 
All cut slopes 30 feet or greater in height 
should have terraces in accordance with the 
Uniform Building Code. 

Grading of the site should be evaluated by 
the engineering geologist by in-grading in
spections to be sure that no hazards, not 
visible on the surface, are uncovered that 
could endanger the proposed development of 
the site. 

A seismic refraction survey could better 
evaluate the rippability characteristics of 
the bedrock within selected areas of the 
site. This would indicate the approximate 
rippability of the bedrock materials at 
various depths. 

Respectfully submitted, 

Gary S. Rasmussen & Associates, Inc. 
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ENCLOSURE 2: Geologic index map, based on Morton (1976). Qaf: artifiCial 
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PLATE 1: Reconnaisance Geologic Map 

Portion of original plate that shows 
landslides. Simplified legend. 
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ABSTRACT 

The Running Springs landslide is a complex slide of Pleistocene age. It 
consists of several subsidiary sHdes, some of which have been recently 
reactivated by erosional processes, by ground-water recharge, and possibly 
by seismic shaking. The sequence of events that has resulted in the partial 
reactivation may be typical for large Pleistocene slides in southern Cali
fornia. It is likely that many landslides of Holocene age have similar 
origins. 

INTRODUCTION 

This paper summarizes the results of a 
limi ted and preliminary in vestiga tion of one 
of the numerous, large, bedrock landslides 
within the San Bernardino Mountains of south
ern California. Most of the large landslides 
within these mountains are located in remote 
areas of National Forest property and thus 
pose no direct direct threat to homes or com
munities. The Running Springs landslide, 
however, is located within the southern por
tion of the town of Running Springs, a devel
oping resort community, and deserves more 
immediate attention. 

The Running Springs landslide is not to be 
found on published geologic maps. Such omis
sion is not uncommon for ancient bedrock 
slides on all but the most recent maps. It 
will be useful to comment on this state of 
affairs before turning to the details of the 
Running Springs landslide. 

The past 20 years has seen a dramatic in
crease in the number and size of landslides 
shown on geologic maps. This may be attrib
uted to two factors: increased awareness of 
the economic and social importance of land
slide mitigation, and vast improvements in 
the a bili ty of practicing geologists to rec
ognize landslides. 

Until recently only the most active or 
otherwise very obvious landslides were map
ped. As the subtle geomorphic, structural 

and lithologic features that are associated 
with ancient landsliding have become more 
widely appreciated, increasing numbers of 
pre-Holocene landslides have been recognized 
and depicted on published maps. There is 
currently an extensive list of criteria that 
warn the field geologist to suspect ancient 
landsliding: such geomorphic f ea tures as 
closed depressions, hummocky topography, 
topographic benches, arcuate slope drainages, 
and slope reversals; structural features such 
as arcuate apparent normal faulting high on a 
slope, and sinuous apparent reverse faulting 
near the base of a slope; and lithologic 
features such as the occurrence of breccia 
and cumulate soil profiles. 

Using geomorphic criteria alone, landslide 
recognition generally becomes more difficult 
with the antiquity of sliding. Pleistocene 
landslides are generally more difficult to 
recognize than Holocene-age landslides, whose 
younger geomorphic expression has been far 
less modified by other slope processes. Most 
easily recognized are young historic slides 
from which the vegetation pattern has not 
recovered. 

The awareness of landslides has become 
most acute in areas of bedded marine sequen
ces that include siltstones and claystones. 
In igneous and metamorphic terrains, large
scale rock avalanches such as the Blackhawk 
landslide (Woodford and Harris, 1928; Shreve, 
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Figure 1: Location of Running Springs. 
SAFZ: San Andreas fault zone. 

1968) are very obvious and have long been 
recognized. But crystalline bedrock has also 
been shown to be capable of failing as large 
slump blocks (Coates, 1977; Varnes, 1978; 
Keefer, 1-984). The identification of such 
slumps may involve recognition of quite sub
tle geomorphic evidence and a familiarity 
with the undisturbed bedrock structure; con
sequently many examples are still regarded by 
some as questionable. 

The Running Springs landslide complex ap
pears to consist of a large underlying bed
rock landslide mass of suspected Pleistocene 
age, which developed in Mesozoic granitic 
rock. Superimposed on this older base are 
younger subsidiary landslides, several of 
which are apparently active. Structural dis
tress to several homes in the vicinity has 
been documen ted. 

GEOLOGIC SETTING 

The San Bernardino Mountains are a portion 
of the Transverse Ranges. The mountains are 
bounded on the north and south sides by steep 
slopes with major fault traces at their feet. 
A zone of thrust faulting (including the 
Santa Fe and Vorhies thrusts of Woodford and 
Harris, 1928) follows the northern escarp
ment; the ~an Andreas fault zone is 
coincident with the foot of the southern 
flank of the mountains. This very steep, 
south-facing slope, above the San Bernardino 
Valley, is in stark contrast with the more 
gentle, regional, northward slope within the 
mountains. The high San Bernardino Mountains 
represent an uplifted, probably Neogene to 
early Quaternary surface, which has been 
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deeply incised during uplift, but remains 
expressed in even ridge and summit levels and 
some relict pIa tea us. Remnants of this 
ancient topography have been identified by 
deep soil profiles and anomalous gravel ven
eers at scattered locations throughout the 
San Bernardino Mountains (Meisling and Wel
don, 1982; Sadler, 1982; Sadler and Reeder, 
1983). 

Rapid uplift of the San Bernardino Moun
tains in Pliocene to early Pleistocene time 
generated many steep and generally unstable 
slopes. During much of late Pleistocene time 
the climate in this area appears to have been 
appreciably wetter. The relatively high 
precipitation, probably in conjunction with 
large earthquakes along the San Andreas or 
other near-by faults, may account for numer
ous large landslides within the San Bernard
ino Mountains, especially on steep range
front slopes. Many of the large landslides 
of Pleistocene age are currently in a relat
ively stable state (not actively moving). But 
these older landslide masses can be partially 
reactivated by erosion, groundwater recharge 
or seismic shaking. 

The dominant bedrock material in the 
vicinity of Running Springs is a Cretaceous 
biotite quartz monzonite, which crops out in 
much of the landslide area. In addition, 
alluvial materials of probable early Pleisto
cene age are exposed within the town of 
Running Springs, immediately south of Highway 
18. These deposits resemble sediments exposed 
along Highway 330 just west of Running 
Springs. The latter have been mapped as part 
of the Santa Ana Sandstone (Dibblee, 1974; 
Bortugno and Spittler, 1986) although they 
lack the def orma tion and exotic provenance of 
the Santa Ana Sandstone (Sadler, pers. com.). 
The structural and sedimentological setting 
of the alluvial materials in the immediate 
vicinity of Running Springs, suggests that 
they are Pleistocene in age - younger than 
much of the Santa Ana Sandstone. 

The landslide area has not been mapped in 
detail and the exact structural relationship 
between the granitic bedrock and the older 
alluvium is unknown. The contact between 
these two units may occur within the northern 
portion of the ancient landslide. Residential 
development and a thick forest cover has ob
scured the relationship. 
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Figure 2: The Running Springs Landslide. 

STRUCTURAL DISTRESS 

As is too often the case, the landsliding 
in Running Springs gained attention as a re
sui t of property damage. Several homes in the 
extreme southern portion of Running Springs 
ha ve experienced structural distress and at 
least two have had to be abandoned. 

Structural distress was first documented 
in 1969, following a period of unusually 
heavy precipitation. A concurrent geotech
nical investigation of the structures at 2830 
and 2824 Preston Drive was conducted by a 
private consulting firm in April of 1969. 
The investigation concluded that distress to 
the structure at 2830 Preston Drive was due 
to fill settlement and that distress to the 
structure at 2824 Preston Drive was due to 

settlement and mass movement of the native 
rna terials. Renewed distress was recognized in 
1978-1979 at 2824 Preston Drive by the sub
sequent owner. Again signs of distress 
followed a year of unusually high precipit
ation. The distress was reported to San Bern
ardino County officials, who conducted an 
inspection in May of 1979. 

Early in 1980 San Bernardino County desig
nated the southern portion of Running Springs 
as a landslide hazard area and required geo
logic reports prior to the issuance of build
ing permits (San Bernardino County Department 
of Building and Safety, Inter-Office Memo, 
dated February 8, 1980, from R. Mitton, 
Director of Building and Safety Department, 
to J. Stangel, Regional Building Inspection 
Supervisor). Both of the structures on Pres-



ton Drive were eventually abandoned. The 
structure at 2830 Preston Drive was demol
ished and removed. 

Geologic field reconnaissance of the area 
and review of stereoscopic aerial photographs 
suggests that the structural distress along 
this portion of Preston Drive is the result 
of recent landsliding. The slope is failing 
towards the southwest, into the west fork of 
Fredalba Canyon. Structural distress has 
been noted in several other homes in the 
area, but is less dramatic than that which 
led to the Coun ty action. 

PLEISTOCENE LANDSLIDING 

The large, ancient bedrock landslides are 
among the least understood of the various 
forms of slope failure. Nevertheless, their 
geomorphic expression includes some charac
teristic features, known from smaller slope 
failures, which are observable on aerial 
photographs and on the ground. Features in
dicative of landsliding in the immediatevic
inity of the Running Springs landslide com
plex include hummocky topography, closed 
depressions, cumulate soil profiles, and mod
ified headscarps. 

A preliminary evaluation of these features 
suggests that at least the southern portion 
of Running Springs lies at the top of a very 
large, landslide (Figure 2). Examination of 
exposures within the adjacent canyon (Fred
alba Creek) indicates that the underlying 
material is a highly fractured and sheared 
granitic rock. A landslide of this size is 
probably a complex of several large slides. 
It is suspected to be late Pleistocene in 
age, based on its overall geomorphic 
expression and included soil profiles. Its 
movement may have been episodic, as influen
ced by climate and seismicity. 

The full areal extent of the presumably 
Pleistocene landslide has yet to be exactly 
determined; but the geomorphic indications 
are that it probably does not extend as far 
north as Highway 18. Some features have been 
recognized immediately east of the Running 
Springs landslide complex that are suggestive 
of additional, and perhaps contemporaneous, 
ancient landsliding. Movement of adjacent 
large landslides into the eastern fork of 
Fredalba Canyon may have been responsible for 
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initially stabilizing the Running Springs 
landslide mass. 

HOLOCENE ACTIV][TY 

Holocene activity is easier to recognize 
than the bounds of the ancient slide, but 
must be understood in that wider context. 
Appreciable erosion has occurred along the 
inner canyon slopes of Fredalba Creek. Sig
nificantly, the areas which have been most 
affected by erosion are confined to the rel
atively loose debris of the ancient Running 
Springs landslide complex. 

Documentably rapid erosion occurred in 
1938, 1969, 1978-1980 and 1983 during periods 
of intense precipitation. The most pronounced 
erosion during this interval has affected the 
upper reaches of the western tributary of 
Fredalba Creek. Comparably rapid erosion 
presumably occurred repeatedly in the more 
distant past, especially following brush 
fires. Most of the inner canyon slope areas 
are covered with a thick growth of chaparral 
which is highly susceptible to brush fires 
(see Minnich, this volume). 

Removal of landslide materials by erosion 
b.as resulted in a reduction of support within 
certain areas of the ancient landslide com
plex. This has probably reactivated some 
portions and has given rise to new subsidiary 
slides in others. The younger subsidiary 
llandsliding within the southeast portion of 
the ancient landslide cornplex may have been 
initiated as a result of downcutting by the 
eastern tributary of Fredalba Creek. 

Ground-water recharge can play a crucial 
role in the reactivation of older large land
slides by increasing the driving weight 
forces, while reducing shear strength. Areas 
underlain by abundant l(~ach fields or seepage 
pits can experience a dramatic increase in 
ground-water recharge. Artificial recharge 
can be equivalent to the natural recharge 
that occurred during the Pleistocene. 
Localized and artificial "Pleistocene-like" 
ground water conditions can thereby be 
re-established on a hillside. Since all of 
the homes in the immediate vicinity of the 
landslide have sewers, artificial ground
water recharge is apparently not the crucial 
factor that led to the partial reactivation 
of the Running Springs landslide complex. 
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Poor drainage, which results from closed 
depressions and hummocky topography, probably 
does significantly increase local ground
water recharge in the immediate vicinity of 
the landslide. Seasons with unusually heavy 
amounts of rainfall (e.g. 1977-1978, 1979-
1980 and 1982-1983) are obviously the most 
critical. 

Large earthquakes in the area may also 
contribute to the landslide activity. An 
earthquake with an estimated Richter magni
tude of 6.0, which occurred in 1907, may have 
been located in the Running Springs area 
(Real, et aI., 1978). The magnitude and epi
center for this earthquake were determined 
by Richter (I958). Richter assigned an epi
center for this earthquake in the vicinity of 
the landslide, immediately south of Running 
Springs, apparently based on historical 
accounts and available geologic maps. If 
this epicenter location is correct, then the 
closest mapped fault would be an unnamed 
east-west-trending fault located north of 
the Santa Ana thrust. This fault may merge 
with the San Andreas fault to the west, near 
Devore (Miller, 1979). Historical accounts 
of this earthquake are rather vague; con
sequently it is possible that the earthquake 
occurred on one of a number of faults in the 
vicinity, including the San Andreas fault. 

Other recent earthquakes, which may have 
been capable of generating ground motions 
strong enough to accelerate landsliding in 
the Running Springs area, include the 1857 
Fort Tejon earthquake along the San Andreas 
fault and the 1899, 1918, and 1923 
earthquakes along the San Jacinto fault in 
the San J acin to Valley and just south of San 
Bernardino. 

SUMMARY AND CONCLUSIONS 

Although detailed geologic mapping of the 
Running Springs landslide complex has not 
been completed, the large ancient landslide 
with subsidiary Holocene activity is probably 
typical of major slope failures in granitic 
terrain in southern California. The develop
men t of a Pleistocene landslide during 
periods of wetter climate and the Holocene 
partial reacti va tion of the landslide as a 
result of erosion, groundwater recharge and/ 
or seismicity may be characteristic for other 
large landslides. 

Clustering of Holocene-age landslides may 
often be directly attributed to the presence 
of large underlying "master" landslide com
plexes of Pleistocene or grea ter age. The 
Holocene pattern of landsliding can probably 
be better understood in this longer term and 
wider context. 

The fu ture performance of existing struc
tures located on the Running Springs land
slide complex cannot be predicted from the 
limited data currently available. It seems 
evident, however, that periods of high pre
cipitation and, perhaps, seismic shaking will 
be critical. 

Since San Bernardino County has designated 
the southern portion of Running Springs as a 
landslide hazard study area, no new struc
tures have been placed within the zone. 
Eventually, the pressures of resort community 
growth, are likely to spur renewed develop
men t on the landslide; therefore detailled 
studies should be conducted. 
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ABSTRACT 

The highly visible, unvegetated scars near the crest of the San Bernard
ino Mountains just east of Strawberry Peak near the community of Rimforest 
are a manifestation of active landsliding. Active erosion near the head of 
one scar has caused two residential structures to be condemned. The scars 
are visible on aerial photographs flown as early as 1938. Since 1971 the 
observed activity has included locally rapid erosion, rockfall, toppling, 
and the growth of fresh scarps along tension cracks or perhaps due to shear 
displacement downhill. All of these features are developed in highly 
fractured quartz monzonite within what is probably the body of a large 
ancient landslide. 

INTRODUCTION 

From the San Bernardino Valley several 
nearly white, unvegetated, scars are visible 
along the southwest face of the San Bernard
ino Mountains. Many of them are simply 
cones of coarse artificial fill generated 
during road construction; but others are 
naturally unstable debris slopes. The two 
largest and most easily visible natural scars 
are in blocky landslide debris located below 
the small community of Rimforest (Fig. 1). 
These scars are part of an area of active 
slope failure, here termed the Rimforest 
landslides. 

The landslides in the Rimforest area have 
yet to be studied in detail. Rasmussen 
(1978) reported to the County of San Bernard
ino on landsliding in the vicinity of a sew
age lift station near the town of Rimforest. 
Stoney (1983) made a geologic reconnaissance 
of the same area. In this paper we review 
the history and geologic setting of the 
active Rimforest landslides, and report the 
preliminary findings of our recent efforts to 
monitor their activity. We argue that the 
active slope failures are a small part of a 
larger ancient laltldslide. 

GEOLOGIC . SETTING 

Rimforest is a small community (Figs. 2-4) 
on the south rim of the San Bernardino Moun
tains (near the intersection of Sections 29, 
30, 31, and 32 of T2N R3W, Harrison Moun
tain 7.5 minute Quadrangle). The slope on 
the escarpment below the rim ranges from 1:1 
to 2: 1 (horizontal:vertical). The San Andreas 
fault zone forms the southwestern terminus of 
these mountains, near the foot of the 
escarpment, 7.2 km to the southwest of Rim
forest. 

Three highly visible unvegetated scars 
caused by slope failure extend from the rim 
immediately south of Rimforest, at an 
elevation of 5600 ft, to the tributaries of 
Stra wberry Creek below 4400 ft. The scars 
are up to 1000 ft wide (Figs. 3-5). Two are 
mostly blocky debris deposits; the third is a 
very steep rock fall area with rapid slope 
retreat at the head of an unnamed north-south 
drainage. This steep retreating slope lies 
immedia tely south of the intersection of 
Apache Trail and Blackfoot Trail West (Fig. 
3). It has destroyed residential structures. 

Bedrock in the area of the scars is highly 
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Figure 1: View looking north from the intersection of 1-10 with 1-215, 
across the San Bernardino valley, to prominent landslide scars near 
Strawberry Peak in the San Bernardino Mountains. These light colored, 
vegetation-free, scars are the most prominent features of the range front; 
they are clearly visible from at least 50 miles. Photograph: May 1986. 

fractured quartz monzonite. The dominant 
steep fracture set strikes east-west (+ /-
15 degrees) and dips 65-75 degrees southward. 

A steeply inclined, unnamed, east-west 
trending fault has been mapped to the south 
of the landslide scars (Dibblee, 1968). It 
bounds relatively easily eroded Tertiary 
sediments on the south and thus results in a 
pronounced bench below the portion of the 
escarpment involved in active sliding. 

Several acti ve and poten tiall y acti ve 
fa ults are close to Rimf orest: the San 
Andreas fault (7.2 km), the San Jacinto fault 
(16 km), the Kinley Creek fault (3.2 km) and 
the Cleghorn fault (5.2 km). Seismic shaking 

has probably added to the instability of the 
steep escarpment slopes. There are also 
ad verse climatic factors. 

Many drainage basins are still essentially 
confined to the southwest facing escarpment 
of the mountains north of the San Andreas 
fault. They experience seasonally heavy 
precipitation and are actively extending 
head ward. Catastrophic flooding and debris 
flow are known to be significant geomorphic 
agents in these basins (Slosson et al. this 
vol ume). Al though the rim of the escarpment 
is forested, the lower slopes have chaparral 
cover; consequently wildfire also contributes 
to the instability (Minnich, this volume; 
Spittler, this volume). 

E. 
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Figure 2: The location of Rim Forest. 
SAFZ: San Andreas fault zone. 

LANDSLIDE HISTORY 

Landsliding along the southwestern escarp
ment of the San Bernardino Mountains is 
probably at least as old as the uplift of 
the range. Many large, ancient, bedrock 
slides have been recognized on the steep, 
fault controlled escarpments that border the 
range (Sadler and Morton, this volume; 
Reeder, this vol ume). 

Two large un vegeta ted areas of blocky 
debris on the escarpment below Rim Forest 
are evident on aerial photographs flown in 
1938 (Fig. 5A). Aerial photographs from 1953 
document subsequent enlargement of the 
unvegetated areas (Fig. 5B). The scars are 
steep, elongate, unvegetated, blocky debris 
fields. The toe of the deposits is a narrow 
stream-cut ravine, inundated by debris. 

A third landslide scar, at the head of the 
drainage which contains the other scars, is 
evident on aerial photographs from 1964 to 
the present. The area of the third scar is 
now characterized by active rock fall. 

During the month of February 1978, fol
lowing a period of unusually heavy rainfall, 
the very steep, south-facing slope in the 
area of rock fall retreated approximately 
20 m, by fresh landsliding. The actively 
failing precipice" moved close to a residence 
on Apache Trail that had to be evacuated. By 
the mid 1980's the residence had been removed 
and the continued northward retreat of the 
precipice threatened another home on Apache 

Trail. This second structure has been con
demned. The failure "of the slope undercut the 
footings of residences and deck supports 
(Fig. 6) and has moved the scarp close to the 
site of a former pond near the rim. 

The continuing slope failure below Rim
forest includes toppling and rockfall with 
some subsequent debris slides (Varnes, 1978). 
The scarps are very steep, irregular, and 
kept free of vegetated or weathered surfaces 
by continual movement. They expose granitic 
rock that is so highly fractured that we 
interpret it to represent a portion of a much 
larger ancient landslide. Rockfalls observed 
at two sites appear to be controlled by 
fracture sets in the ancient landslide 
material. 

In May of 1986, a fresh scarp face was ob
served on the west-facing flank of the drain
age in the heavily vegetated slope between 
the two barren debris fields. The scarp 
face is approximately two meters high, 
strikes N lOW, and dips 58 degrees to the west 
(downslope). The scarp face had no vegetation 
and very little detritus had accumulated on 
its surface or at its toe. A few spring wild 
flowers were established in the disturbed 
soil at its upper edge. 

The fresh scarp probably formed in the 
winter or early spring of 1986, but is part 
of an older set of tension cracks and 
downslope shear failures. The scarp is con
tiguous with a lineament that includes gaping 
master fractures in exposed granitic rocks, 
and subtle swales in vegetated and barren 
slopes. The lineament is evident on aerial 
photographs flown in 1984; It was not 
observed in the 1938 photographs; but 
headscarp cracks are difficult to resolve on 
aerial photography of vegetated areas (Sowers 
and Royster, 1978). Field investigation of 
the slopes below the fresh scarp revealed 
several parallel, overgrown gulleys that are 
interpreted as older tension cracks. 

DISCUSSION 

The town of Rimforest is located on a 
small, rather isola ted bench, below the main 
plateau edge (Fig. 4). It is backed by a 
steep slope to Strawberry Peak. There is 
well-developed and abnormally thick soil on 
this bench, which is similar to abnormally 
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Figure 3: Map of the Rimforest landslide scars. 

thick soil profiles observed in numerous 
landslides throughout southern California 
(Rasmussen, 1978). The granitic rocks ex
posed immediately below the town of Rimforest 
are unusually highly fractured. 

To account for the geomorphic and geo
logic anomalies in the vicinity of Rimforest, 
we consider it likely that the town is 
located on top of an ancient slump. In this 
view, 'the active rock falls and scarp for
mation are only a local reactivation of a 
portion of a much larger, older landslide. A 
detailled study of the extent and likelihood 
of future movement of this ancient landslide 
will be essential to evaluate the hazard 
posed to Rimforest. 

Failure of this type of slope is often 

characterized by periods of rapid advancement 
of the heads of the slides, triggered by 
heavy precipitation and/or seismic shaking, 
separated by long intervals of dormancy 
(Rasmussen, 1978). Movement is usually pre
ceded by the opening of tension cracks near 
the top of the slopes. Over time the 
tension cracks widen with subsequent slope 
failure that creates oversteepened scarps. 
Small rock falls and rapid removal of 
detritus from the toe then continues to 
modify the scarp face, as new tension cracks 
open farther up slope. This pattern of 
alternating erosion and failure of the 
retreating slope repeats until stopped by 
controlling faults, unfractured bedrock 
changing weather patterns, or other natural 
processes that allow the slope to obtain a 
state of longer-term equlibrium. 
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Figure 4: Two block diagrams of the relief around Rim Forest. The area depicted extends 
1.25 miles north to sou th, and 0.8 miles east to west. The blocks have 2000 feet of vertical 
relief. Block b has been rotated relative to block a in order to enhance the profile. 
Stippled areas are a schematic representation of the large unvegetated scars. 
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Figure 6: Near-vertical slope in active rock 
fall area threatening a residential struc
ture, Apache Trail, May 7th, 1986 

ACKNOWLEDGMENTS 

We thank John Bowman, County Geologist, 
for important information for this paper; 
Jim Williams for suggestions on manuscript 
preparation; Susan Berger for photographic 
assistance; and Pete Sadler for preparing 
some of our figures. 

REFERENCES 

Dibblee, T. W., 1968, Geologic map of the 
Redlands Quadrangle: U.S.G.S. Open File 
Map 74-26, 1:62500. 

Rasmussen, G. S., 1978, Engin.eering geology 
investigation of landslide affecting sew
age lift station south of Apache Trail 
and Blackfoot Trail West, Rimforest, 
California: unpublished report to the 
County of San Bernardino, Special Dis
tricts Department, 15 p. 

Sowers, G. F., and Royster, D. L., 1978, 
Field In vestiga tion, p. 81-111, in 
Schuster, R. L. and Krizek, R. J., (eds.), 
Landslides analysis and control: Trans
portation Research Board, National Acad
emy of Sciences Special Report 176, 234 p. 

Stoney, G. F., 1983, Geological reconnais
sance investigation Lot 58, Tract 2797, 
26440 Apache Trail, Rimforest, California: 
Gary F. Stoney, Engineering Geologist, 
unpu blished report to Mountain Construc
tion and Reality, Lake Arrowhead, Cali
fornia, 9 p. 

Varnes, D. J., 1978, Slope movement types and 
processes, p. 11-28, in Schuster, R. L. 
and Krizek, R. J., (eds.), Landslides 
analysis and control: Transportation 
Research Board, National Academy of 
Sciences Special Report 176, 234 p. 



Publications of the Inland Geological Society 1989 Volume 2:265-278 

GEOLOGIC HAZARD EVALUATION OF THE 
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ABSTRACT 

The management of chaparral vegetation by prescribed burning on the 
south-facing slopes of Mount Tamalpais is being proposed to reduce the 
threat of wildfire on the urban fringe. The California Department of For
estry (CDF) requested technical assistance from the California Department 
of Conservation, Division of Mines and Geology (DMG), to assess potential 
geologic hazards that could be impacted by the burns. Literature research, 
aerial photo interpretation, and field mapping have yielded the following 
conclusions: 

1. Landsliding and surface erosion have both contributed to the mass 
wasting of Mount Tamalpais. 

2. Large, deep-seated landslides are relict from an earlier and wetter 
period. 

3. Debris flows and surface erosion could affect property and the envir
onment on and below the mountain. 

4. The chaparral on Mount Tamalpais will probably burn this century, 
under wildfire if not controlled conditions. 

5. The removal of chaparral will reduce the stability of the slopes. 
6. Prescribed burning will reduce the risk and lessen the destructive 

effects of wildfire and will therefore have significantly less impact 
on both landsliding and surface erosion than the probable wildfire 
event modeled by CDF. 

The last conclusion is based on the following: Controlled burns 
separated in time and space would denude smaller slope areas than would a 
wildfire; a hot wildfire would damage the soil much more than a cool 
controlled fire; slope damaging fire-fighting measures, such as tractor 
trails, would not be needed for contJ'olled burns; and areas of geologic 
concern, such as colluvial filled hollows, will be considered in developing 
the prescription for controlled burns on Mount Tamalpais. 

INTRODUCTION 

The Marin Municipal Water District and the 
Marin County Open Space District have to
gether proposed a series of controlled burns 
under prescribed conditions on Mount Tamal
pais in Marin County, California. These 
burns are to be conducted by the Marin County 
Fire Department with technical assistance on 
fire behavior and fire effects supplied by 
the California Department of Forestry. The 
primary goal of the burns is to reduce fuel 

loads and to create a mosaic of age and size 
classes in the vegetation on the face of the 
mountain. High priority will be given to 
burning brush-fields that threaten life and 
property in Mill Valley. The second prior
ity will be to break up larger chamise areas 
to facilitate later entry fall burns. 

The Department of Forestry requested tech
nical assistance from the California Depart-



266 Spittler 

------.---.~ 

COAST RANGES 

N 

___ 100 l<ln 

Figure 1: Geological index map of northern 
California showing the location of Mount Tam
alpais and the areas of exposure (diagonal 
ruling) of the Franciscan Complex. 

ment of Conservation, Division of Mines and 
Geology in assessing geologic hazards that 
could be impacted by the controlled burns 
during the proposed Vegetation Management 
Program (VMP), particularly those hazards 
that could pose a risk to life and property. 
The principal geologic concerns are increased 
erosion and possible slope stability prob
lems that could be affected by the proposed 
con trolled burns. 

Mount . Tamalpais, the highest point in 
Marin County, lies just 20 kilometers (I2 
miles) ·north of San Francisco (Figure I). 
The slopes of the mountain rjse steeply (up 
to 100%) from the 'encro~ching urbanization of 
Mill Valley, Larkspur and Kentfield (F.igure 
2). Only the lands managed by the Marin 
Municipal Water District and the Marin County 
Open Space District as shown on Figure 2 are 
included in the VMP management area. 

The VMP management area includes 2465 
acres, of which 723 acres are in multiple 
burn areas. Approximately 200 acres are 
proposed to be burned in the next cycle of 
prescribed, controlled fires. The area is 
entirely within the San Rafael, 7.5' Quad
rangle and occupies a portion of Puente de 
Quentin in Township 1 North, Ranges 6 and 7 
West, Mount Diablo Base and Meridian. 

GEOLOGIC SETTING 

Franciscan Sandstone: 

Mount Tamalpais is made up of rocks of the 
Marin Headlands terrain of the Franciscan 
Complex (Wright, 1982). As with each of the 
eleven tectonostratigraphic terrains tha t 
make up the Franciscan Complex, the Marin 
Headlands terrain: 1) is characterized by a 
stratigraphic record that differs from the 
records of nearby, partly coeval terrains; 
2) is fault-bounded and is abruptly juxta
posed with contrasting terrains; 3) records 
a deformation and metamorphic history differ
ent from those of its neighbors; and 4) is 
tectonically enveloped in a melange of shear
ed argillite (Blake and others, 1984). 

Micropaleontologic studies of cherts that 
overlie the pillow lava near the base of the 
Marin Headlands terrain reveal that the lower 
portion of the unit was deposited over a 
period of nearly 100 million years on the 
base of the ocean floor far removed from any 
continual land mass (Blake and others, 1984). 
Following the long period of Quiescence, the 
feldspathic subQuartzose arenites (sandstone) 
that make up the Marin Headlands terrain were 
deposited in a deep sea fan ·system from an 
undissected volcanic magmatic arc (Wright, 
1982). 

The dominant rock types exposed in the Mt. 
Tamalpais VMP burn area are weakly metamorph
osed, massive to poorly bedded, coarse- to 
fine-grained lithic sandstones with minor 
areas of interbedded siltstones, sandstones 
and rare pebble conglomerate~ (Wright, 
1982). Ridges are characteristically made up 
of blocks of little-weathered, massive, hard, 
strong sandstone, surrounded by sheared sand
stone (Figure 3). Fractures are generally 
cemented and the rock often breaks across 
the healed fractures. The sandstone under
lying East Peak of Mt. Tamalpais is cemented 
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Figure 2: Location of the Mount Tamalpais VMP management area, and the 
neighboring urbanized areas of Mill Valley, Larkspur, and Kentfield. 
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F'igure 3: Bedrock geology of the Mount Tamalpais VMP burn area. Diagonal 
ruling: serpentinite. Dots: Franciscan Sandstone (KJfs). 200ft contour 
interval. Simplified from Wright (1984). 

by authigenic tourmaline, resulting in a very 
hard and strong mass. Fragments of this 
tourmalinized sandstone are recognizable 
within some of the transported old landslide 
masses (Salem Rice, personal communication). 

Serpen tini te: 

Serpentinized ultramafic and related rocks 
occur a"long a. roughly. linear t~end that ex
tends for approximately' 24 km' to the north
west from ·Mt. Tamalpais (Blake et al., 1974). 
The serpentinite exposed within the study 
area is generally sheared and is exposed 
within fault zones. Wright (1982) proposed 
tha t the serpen tini te represents a remnant of 
oceanic crust (ophiolite) that was emplaced 

as cold intrusion diapirs along faults. In a 
few areas fairly massive blocks of serpentin
ite crop out as hard, resistant remnants. In 
most of the study area the serpentinite is 
highly sheared, very weak, and has failed as 
earth flows, s.lumps and debris slides on 
rela ti vel y gentle slopes. 

SURFICIAL GEOLOGY 

Colluvium: 

Two types of colluvium were recognized by 
Wright (1984). One type consists almost en
tirely of serpentine detritus. This colI u v
ium occurs along and topographically down
slope from the larger serpentinite bodies. 
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Figure 4: Significant accumulations of colluvial deposits within the Mount 
Tamalpais VMP burn area (stippled). Interpretation of aerial photographs 
by T. E. Spittler. 

Within the Mt. Tamalpais VMP burn area, the 
serpentine colluvium is mapped with either 
the serpentinite or the serpentine derived 
landslide deposits. This grouping was made 
for three reasons: 1) The serpentine col
luvium behaves mechanically much the same as 
the sheared serpentinite; 2) the contact 
between the serpentine colluvium and either 
the serpentinite or the serpentine derived 
slide deposits is .difficult ,to define; . and 3) 
serpentine soils that have developed' on the 
serpentinite, serpentine slide material and 
the serpentine colluvium generally do not 
support chaparral vegetation. 

The dominant colluvial material mapped in 
the Mt. Tamalpais VMP burn area is a poorly 

consolidated mixture of fresh and somewhat 
weathered gravel to boulder sized sand
stone clasts in a poorly sorted sandy matrix. 
The colluvium fills topographic depressions 
that have been refered to as "hollows", 
"swales", "draws", and "zero-order wa ter
sheds." 

The colluvium represents loose surficial 
' 'laterial 'that has been transported downslope 
by dry ravel, creep, mass wasting, and by 
burrowing animals to temporary accumulat
ions in topographic lows. The significance 
of colluvium in slope sta bility problems in 
the San Francisco Bay area was neither well 
understood, nor extensively studied, prior to 
the disastrous sequence of storms and debris 
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Figure 5: Landslides within the Mount Tamalpais VMP burn area. Solid: 
debris flows. Stippled: debris slides. Single arrow: Earth flows. Double 
arrow: ancient rotational slides. Photo interpretation by T. E. Spittler. 

flow events that began on January 3, 1982. A 
discussion of debris flows is presented under 
the landslides section of this report. 

Figure 4 is a photo-interpreted map of 
major colluvial accumulations within the 
Mt. Tamalpais VMP burn area. The map was 
prepared by identifying areas with a smoothed 
surface form within topographic depressions 
and comparing .these ~reas with_ field-mapped 
colluviated areas. Black and white and nat
ural color aerial photographs with scales 
ranging from 1: 1 0,000 to 1 :80,000 were used 
to identify most of these features. 

Wright (I982) recognized that some of the 
colluvium on the south slope of Mt. Tamalpais 

fills pre-ex.isting topographic- lows but is 
not reflected on the surface topography. 
Only in road cuts and in the headwalls of a 
few of the debris flow scarp~ are those 
deposits exposed. Elsewhere they cannot be 
identified in the field or on standard aerial 
photographs because the upper surfaces of 
these deposits are generally concordant with 
the surrounding present ground surface. A 
method of ide-ntifying these filled hollows 
is, however, available. Relatively thick ac
cumulations of colluvium are more permeable 
and have a much higher moisture capacity than 
the thin regolith on the surrounding slopes. 
Vegetation growing on thick colluvial dep
osits becomes stressed by moisture deficiency 
later in the year than that growing on slopes 



with thin soils. 

Moisture-stressed vegetation is not easy 
to distinguish in the visible light spectrum. 
The reflectance of visible light by plants 
is dominated by pigments (primarily chloro
phylls, carotines, and xanthophyll). Pigment 
concentrations are little affected in the 
short term by water deficiency. In contrast, 
strong near-infrared reflectance by plants is 
caused, to a large degree, by the internal 
structure of leaves and by water concen
trations in the plant tissue (Glass and 
Slemmons, 1978). False color infra-red (near 
infra-red) aerial photography of Mt. Tamal
pais that was flown in the summer of 1982 was 
found to be useful in identifying colluvial 
deposits that were not identified on color or 
black and white aerial photographs. These 
features are included on the map of colluvial 
deposits (Fig. 4). 

Landslides: 

Four types of landslides were identified 
in the Mount Tamalpais VMP burn area and are 
shown on Figure 5. The variety of landslides 
that occupy the greatest area on the site are 
ancient rotational rock slumps (landslide 
nomenclature is that of Varnes, 1978). These 
features are individually large and deep 
seated. The major slide which underlies 
Double Bowknot in the southern portion of the 
proposed burn area is composed of a competent 
block or blocks of tourmalinized sandstone 
derived from the summit of East Peak under
lain by crushed rock rubble (Salem Rice, 
peTS. comm.). The other mapped rotational 
landslides have physiomorphic properties that 
appear on aerial photographs to have been 
developed by rotational sliding; but surface 
erosion has modified the topography to a 
great extent. The large rotational land
slides appear to be related to earlier, 
probably Pleistocene, very wet climatic con
ditions. 

Earthflows of serpentinite and serpentine 
colluvium are (airly common in the western 
portion of the VMP burn - area (Figure 5). 
Earthflows fail by visco-plastic flow. Slip
surfaces within the moving earth flow's mass 
are shortlived or non-existent and boundaries 
between the moving mass and in-place sheared 
serpentinite may be a sharp surface or a 
zone of distributed shear (Varnes, 1978). 

Mount Tamaipais 271 

lFigure 6: Schematic illustration of loose 
rock supported by chaparral stems and crowns. 

Portions of each of the earthflows are prone 
to reactivation in response to accumulated 
soil moisture, whether the area is burned or 
not. 

Debris slides were identified as affecting 
both the Fransican complex sandstone and the 
serpentinite. A debris slide is character
ized by unconsolidated rock, colluvium, and 
soil that has moved downslope along a 
relatively shallow failure plane. Most of 
the mapped debris slides are along roads and 
trails. In certain places the cut banks 
have continued to ravel as debris slides. 
The crowns of the individual mapped failures 
are often continuing to propagate upslope. 
In many areas spoils excavated during road or 
trail construction were wasted as sidecast. 
In a few of these locations the fill and 
portions of the underlying soil and colluvium 
have failed as disaggregated debris slides. 
Debris slides were also identified in steep 
areas well away from cut or fill slopes. 

Unlike the large, deep, ancient rotational 
landslides that may be thousands or even tens 
of thousands of years old, the surface morph
ology of a debris slide r-apidly degrades by 
erosion. The debris slides mapped on figure 
5 are all either active or recently active. 

The most abundant type of landslide mapped 
in the Mount Tamalpais VMP burn area is the 
debris flow. Debris flows, often termed 
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debris avalanches when velocities are greater 
than about 10 miles per hour (Varnes, 1978), 
are shallow landslides that are saturated 
with water and travel downslope as muddy 
slurries (California Department of Conserv
ation, Division of Mines and Geology, 1986). 
The debris flows that are mapped on figure 5 
are almost all products of the January 3, 
through January 5, storm of 1982. 

In evaluating debris flows in southern 
California that resulted from a high intens
ity storm event in 1969, Campbell (I975) 
recognized that the debris flows were trig
gered by high intensity rainfall events where 
surface infiltration of rainfall exceeded 
the capacity of the bed-rock to remove it 
by deep infiltration. The resultant pore 
water pressures could exceed the internal 
strengths of materials where the piezometric 
surface (local ground water table) is steep
ly inclined. Campbell presented data that 
showed that debris flows are most common on 
slopes inclined between 33 percent and 100 
percent (I8 degrees and 45 degrees). 

Dietrich and Dunne (I978), Lehre (1981), 
Smith (in press), and many others have recog
nized that most debris slides start in swales 
or hollows at the heads of small hillside 
drainage courses. These are areas where the 
potential source material, loose colluvium, 
has accumulated. Additionally swales con
centrate ground water in the soil and col
luvium over the bedrock, resulting in focused 
high pore-water pressures (Reneau and others, 
1984). 

The three debris flows that failed down 
the east face of East Peak occurred during 
the 1982 storm and head at hiking trails. 
Surface water that was intercepted by these 
trails was diverted into the individual 
swales, resulting in an additional source for 
the perched groundwater that ultimately trig
gered the debris flows. 

Lehre (I 981) measured erosion and sedi
ment discharge in a small watershed on the 
western slope of Mount Tamalpais. Analysis 
of his measurements showed that debris slides 
and flows from colluvium-filled swales are 
the most important erosional agent and ac
count for most of the sediment yield from 
the basin. Most of the sediment mobilized 
in years without extreme flow events returns 
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Figure 7: The effect of a hot chaparral fire 
on sandy soils is to volatilize the dis
continuous water repellent material in the 
upper soil (A). The vaporized organic mat
ter follows temperature gradients to where 
it condenses on soil particles to produce a 
continuous water repellent layer (B). 

to storage, chiefly on the lower parts of 
slopes and in channel and gully beds and 
banks. It is during events with recurrence 
in tervals greater than 10 to 15 years that a 
large net removal of sediment from storage 
occurs (Lehre, 1981). The stream channels on 
Mount Tamalpais have been adequate in most 
instances in transporting sediment wi thou t 
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Figure 8: A cool chaparral fire over moist 
soils will burn the surface litter (A), while 
not effecting the water repellent material. 

resulting in severe aggradation. Only in the 
headwaters of Arroyo Corte Madera has a sig
nificant volume of recent debris flow derived 
sediment accumulated. Because of the very 
large size of the material in the stored de
posit, it would require a catastophic event 
for it to become remobilized. 

THE EFFECTS OF FIRE ON 
SLOPE-STABILITY AND EROSION 

The primary effect of a fire is the remov-
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al of vegetation. Where slopes are steep and 
the isoil surface is rocky, the vegetation of
ten supports clasts that have rolled down
slope and come to rest against stems or 
trunks (Figure 6). The burning of this 
vegetation removes the mechanical support, 
allowing the clasts to move downslope under 
their own weight. Where slopes are steeper 
than the unconsolidated angle of repose, 
about 65% for most rocky rrlaterials, the 
clasts can travel a significant distance 
downslope. Rocky material supported by veg
etation is common on the steep south facing 
slopes of Mount Tamalpais. 

In areas where the sailor colluvium is 
unconsolidated and cohesionless, such as much 
of the material on Mount Tamalpais, this 
material can flow down steep slopes as dry 
ra vel. Wells (1981) quotes U. S. Forest Ser
vice research findings that dry ravel is 
responsible for over half of all sediment 
movement on many slopes. 

Fire may have a secondary influence on dry 
ra vel. Wells (1981) quotes grad ua te research 
by D. Duriscoe on the effect of fire on the 
particle size distri bu tion of chaparral 
soils. Duriscoe found that heating soils to 
the temperatures that have been recorded in 
soils in burn areas increases the proportion 
of sand and silt sized fragments at the ex
pense of clay sized material. This change in 
size distribution produces a soil or col
luvium that is more susceptible to dry ravel. 
This soil is also more prone to erosion by 
surface water flow. 

A major effect of fire on chaparral soils 
is the production of a water repellent layer 
beneath the soil surface. DeBano (1981) re
viewed the state-of-the-art knowledge of 
water repellent soils and noted that chapar
ral plant communities produce a degree of 
water repellency under normal conditions. 
Organic substances that are leached from the 
plant litter coat sand and coarse-grained 
soils (the surface area to volume ratio of 
fine-grained soils limits the eff ecti veness 
of the production of water repellency). The 
water repellent material beneath unburned 
chaparral stands is only partially effective 
in restricting infiltration. Apparently much 
of the organic leachate is concen tra ted in 
irregular blebs in the soil. Alternatively 
animal burrows, soil cracks, or root ca vit-
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ies may allow for the observed infiltration 
in the chaparral soils. 

When wildfire sweeps through a chaparral 
stand, the soil temperatures may reach 840 
degrees Celsius (DeBano, 1981). This vola t
ilizes the organic water-repellent materials, 
which follow temperature gradients downward 
into the soil. The vaporized substances then 
condense on the mineral soil particles and 
produce an extremely water repellent layer 
(Fig. 7). The one to five centimeter thick 
layer of soil that overlies the water repel
lent zone of condensates is highly permeable 
and erodable. 

The combined effect of the change in 
particle size distribution and the formation 
of a wa ter repellent layer in the soil that 
follow a high intensity fire is to produce a 
condition where rainfall quickly exceeds the 
storage capacity of the surficial, wettable 
soil. Wells (1981) estimates that the ef
fective soil capacity of the soil mantle is 
red uced by 20 times or more as a result of 
these fire-related effects. Excess pre
cipitation flows over the ground surface as 
sheet wash, eroding the uppermost layer of 
soil into rills and gullies. 

The excess water that cannot penetrate 
through the hydrophobic layer rapidly runs 
off into stream channels where peak flows are 
recorded with less of a lag time from storm 
peaks than in un burned watersheds. Flood 
peaks are also often much higher and more 
capable of eroding sediment stored in the 
channels of streams. Boyle (1982) reports 
that most of the sediment that was derived 
from the Harrison Canyon Watershed in the San 
Bernardino National Forest, after more than 
90 percent of the area was burned, came from 
alluvium stored in the canyon bottom. 

Data covering 37 controlled watersheds in 
Los Angeles County demonstrate that up to a 
40-f old increase in sediment production can 
occur during the first storm season following 
a wildfire, if high intensity rainfall occurs 
(Bruington, 1982). Much of this material is 
transported as debris torrents (debris flows 
that are init iated in stream channels as 
opposed to colluvial filled hollows) such as 
the ones that damaged the Big Sur area 
following the 1972 Molera Fire (Cleveland, 
1973). 

Landsliding, principally as debris flows, 
has been shown to increase in frequency af
ter vegetation is removed from metastable 
slopes (Rice and Foggin, 1971). The maximum 
incidence of landsliding occurs several years 
after the fire, for two principle reasons: 

1) it takes several years for the soil-
reinforcing root biomass to decay; and 

2) rainfall runs off and does not infil-
trate into the soil beneath the water re
pellent layer until the layer is disturbed by 
gullying, vegetation growth, or some other 
factor. 

Wells (1981) and McIlvride (1984) note 
tha t the accelerated erosion rates decrease 
rapidly over time and return to normal in 4 
to 10 years. 

One additional negative environmental ef
fect of wildfire, which has received little 
attention, is the damage to the soil caused 
by fire supression efforts. During a major 
wildfire, many pieces of earthmoving equip
ment are used to build fire trails. These 
trails are often several tractor blades wide 
and may trend directly down steep slopes. 
It is fairly common for fires to jump indiv
idual lines, often requiring the excavation 
of many parallel downslope fire-breaks. 

Each of these disrupted areas is often 
significantly more prone to erosion than the 
burned hillslopes adjacent to them. Add
itionally, attempted erosion control struc
tures, such as wa terbars, are often placed 
where they divert water onto unstable slopes. 

The sediment derived from burned areas is 
routed through drainage basins. If the 
hydrologic system is capable of carrying the 
additional load, the excess sediment is 
transported to the ocean, or to a lake, al
luvial fan, or other area of long-term depos
ition. 

If, on the other hand, the material 
purged from burned upland source areas ex
ceeds the carrying capacity of the stream, 
the sediment will settle out, aggrade the 
channel, and cause additional erosion and 
sedimentation beyond the limits of the fire. 
Southern California has responded to the 
fire-flood-debris flow sequence by building 
sediment catchment basins at the mouths of 
most major mountain streams. 
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Figure 9: Subwatershed unit boundaries in the Mt. Tamalpais V:M[P burn area. 

EFFECTS OF FIRE SUPPRESSION 

Chaparral vegetation, such as that on many 
of the slopes of Mount Tamalpais, changes in 
fire potential as the age class of the chap
arral increases (Ken N ehoda, pers. comm.). As 
the age class increases over 20 years, the 
live-to-dead plant ratio changes (Perry, 
1984). After about 10 years, the new growth 
leaders start to die; consequently the 
proportion of decadent material in the canopy 
regio'n increases, and the amount of litter is 
greater. Suppression of fire· has resulted in 
an increase in the · n urn ber and size of areas 
with chapa"rral age classes older- than 20 
years. 

Fire suppression activities such as have 
been practiced in Marin County, have resulted 

in an increase in the fuel load. This ac
cumulation of fuel often results in fires 
tha t are unprecedented in size, in tensi ty, 
and environmental damage when compared to 
unmanaged areas (Dodge, 1972). 

Minnich (1983) compared adjacent portions 
of southern California, where fire suppres
sion has occurred, with northern Baja Cali
fornia, where there has been little or no 
control of wildfires. During .the interval 
between 1972 and 1980 approximately 8 percent 
of the chaparral acreage was burned by 
wildfires in both areas. The significant 
difference between the two areas was that in 
Baja California the fires occurred as many 
small events that were distributed in time 



276 Spittler 

throughout each summer; in southern Califor
nia, however, fewer, larger, often catas
trophic fires burned in the late summer and 
fall. The fire suppression had the result 
that fires tended to be restricted to those 
times with greatest wildfire hazard. 

The ultimate effect of fire suppression on 
soil erosion is that it increases the period 
between times when the brush is burned and 
lengthens the time when slope erosion is low. 
However, fire suppression also increases the 
time when sediment accumulates in channels. 
The wildfire event, when it eventually, 
evades suppression, tends to be more intense 
and larger than a "normal" event (McIlvride, 
1984). The combination of large watershed 
exposure by wildfire in an area where fire 
suppression has been practiced, with the 
increased sediment accumulation that develops 
in those areas, creates the possibility of 
catastophic flood and sediment discharge 
during peak storm events. 

Fire suppression has been successful on 
Mount Tamalpais since the Great Mount Tamal
pais Fire of 1929 burned 117 houses in Mill 
Valley. Fuel management has not been prac
ticed during this time, resulting in the 
current critical fire hazard conditions. 

PRESCRIBED BURNING EFFECTS 

The major impacts that fires have on 
erosion and slope stability are: 

1. Exposure of soil, 
2. Dry ravel, 
3. Development of water repellent soils 

and modifications of particle size dis
tribution. 

4. Increases in flood peak flows, and 
5. Soil disruption by fire suppression 

equipment. 

Each of these factors is impacted to a 
lesser extent when mature chaparral vegetat
ion is burned under prescribed conditions as 
compared to probable wildfire events. 

1. Prescribed burns can be small and 
separa ted in time and space. This results in 
a far lower exposure of soil during anyone 
time interval. 

2. Prescribed burns can be designed such 
that side slopes are not denuded from ridge-

top to canyon bottom. Dry ravel will occur, 
but only a portion of the dry ravel on the 
side slopes will travel any significant dis
tance downslope. 

3. Water repellent conditions will not 
develop to the same degree under prescribed 
burn conditions. This is particularlly true 
if burns are conducted when soils are wet 
(Fig 8). Even during fall or late summer 
burns, climatic conditions for prescribed 
burns result in lower fire intensities. The 
low intensity burns may induce hydrophobic 
soils, but the water repellent layer will be 
discontinuous and only a thin layer of erod
ible material will lie above the water repel
len t zone (the volatilized organic material 
will condense at a shallower level). The 
particle size distribution will also be less 
affected by prescribed, controlled burns. 
This will result in much less surface erosion 
from the si tee 

4. A controlled burn of only a portion of 
a watershed will not have the same impact on 
flood peak flows as would a complete removal 
of vegetation by a wildfire. Because soils 
in prescribed burn areas do not produce the 
continuous water repellent layer found be
neath wildfire areas, much of the rainfall 
will infiltrate into the deeper soil mass and 
not runn off rapidly. 

5. The use of heavy grading equipment on 
slopes, such as occurs when fighting wild
fires is much less likely if an area is 
burned under prescribed conditions. 

McIlvride (1984) points out that: 

"Storm runoff and sediment deliv
ery become more manageable when veg
etation is modified by prescribed 
burns compared to a wildfire si t
ua tion. When wildfires denude an 
entire watershed, unusually high 
flood flows may result that flush 
decades or even centuries of accumul
ated sediment from stream channels. 
This sediment overwhelms downstream 
flood control structures and debris 
basins. Under most conditions, a 
well-planned program of rotational 
prescribed burning would cause sedi
ment to be delivered in smaller in
crements at more frequent intervals, 



so that it would be more manageable." 

RECOMMENDA TIONS 

Fire is a natural part of the chaparral 
landscape. Where fires have been suppressed 
for a long period of time, such as on Mount 
Tamalpais, the effects of the ultimate event 
will be large. Removal of the vegetation, 
fire damage to the soil, and ground disturb
ance by fire suppression equipment will all 
contribute to a situation where post-fire 
floods and debris flows could pose a severe 
risk to lives and property downslope from the 
mountain. 

The controlled burning program proposed by 
the Marin Municipal Water District and the 
Marin County Open Space District as designed 
will lessen the potential for offsite damage 
due to floods and debris flows from Mount 
Tamalpais. 

The effects of burning small watersheds 
could be compounded if several subwatersheds 
within one larger watershed are completely 
burned. In order to minimize this potential, 
it is recommended that no more than 30% of 
anyone subwatershed shown on Figure 9 be 
burned during any three year period. These 
conditions are already included in the design 
of the proposed VMP burns on Mount Tamalpais. 

AUTHOR'S POSTSCRIPT 

The program of controlled burns on Mount 
Tamalpais has not started as of the Fall of 
1987. A small group of citizens of Mill 
Valley are requesting more environmental 
reviews to stop the prescribed controlled 
burns. 

REFERENCES 

Blake, M C., Bartow, J. A., Frizell, V. A., 
Schlocker, J., Sorg, D., Wentworth, C. 
M, and Wright, R. H., 1974, Preliminary 
Geologic Map of Marin and San Francisco 
Counties and Parts of Alameda, Contra 
Costa and Sonoma Counties, California: 
U.S. Geological Survey Miscellaneous Field 
Studies Map MF 574, scale 1:62,500. 

Blake, M C., Howell, D. G., and Jayko, A., 
1984, Tectono-stratigraphic terrains of 
the San Francisco Bay Region, in Blake, 
M C., (ed.), Franciscan Geology of North-

Mount Tamaipais 277 

ern California: Pacific Section Society of 
Economic Mineralogists and Paleontol
ogists, v. 43, p. 5-22. 

Boyle, G., 1982, Erosion from burned wa ter
sheds in San Bernardino National Forest: 
U.S. Forest Service, Pacific Southwest 
Forest and Range Experiment Station, Gen
eral Technical Report PSW-58, p. 409-410. 

Bruington, A. E., 1982, Fire-loosened sedi
ment menaces the city: U.S. Forest Ser
vice, Pacific Southwest Forest and Range 
Experiment Station, General Technical 
Report PSW-58, p. 420-422. 

California Department of Conservation, Divis
ion of Mines and Geology, 1986, Hazards 
from "Mudslides" . . . Debris Avalanches 
and Debris Flows in Hillside and Wildfire 
Areas: 2 page note. 

Campbell, R. H., 1975, Soil slips, debris 
flows, and rainstorms in the Santa Monica 
Mountains and vicinity, southern Califor
nia: U.S. Geological Survey Professional 
Paper 851, 51 p. 

Cleveland, G. B., 1973, Fire + Rain = Mud
flow, Big Sur, 1972: California Geology, 
v. 26, p. 127-135. 

DeBano, L. F., 1981, Water Repellent Soil: A 
state-of-the-art: U.S. Forest Service, 
Pacific Southwest Forest and Range Exper
iment Station, General Technical Report 
PSW-46, 21 p. 

Dietrich, W. E., and Dunne, T., 1978, Sedi
ment budget for a small catchment in moun
tainous terrain: Zeitschrift fur Geomorph
ologie Supplementband 29, p. 191-206. 

Dodge, J. M, 1972, Forest Fuel accumulation 
a growing problem: Science, v. 177, p. 

139-142. 
Dougherty, R., and Riggan, P. J., 1982, Op

erational Use of Prescribed Fire in South
ern California Chaparral: U.S. Forest 
Service, Pacific Southwest Forest and 
Range Experiment Station~ General Tech
nical Report PSW-58, p. 502-510. 

Ellen, S., Petersen, D. M, and Reid, G. 0., 
1983, Map Showing Areas Susceptible to 
Different Hazards from Shallow Land
sliding, Marin County and Adjacent Parts 
of Sonoma County, California: U.S. Geo
logical Survey Miscellaneous Field Studies 
Map MF-1406, scale 1:24,000. 

Glass, C. E., and Slemmons, D. B., 1978, 
Imagery in Earthquake Engineering: Mis
cellaneous Paper S-73-1 , state-of-the-art 
for Assessing Earthquake Hazards in the 
United States, Report 11, U.S. Army Engin-



278 Spittler 

eer Waterways Experiment Station, 221 p. 
Lehre, A. Ie, 1981, Sediment budget from a 

small California Coast Range drainage 
basin near San Francisco, in, Erosion and 
Sediment Transport in Pacific River Steep
lands: International Association of Hydro
logical Sciences Publication Number 132, 
p. 123-139. 

Marin Municipal Water District, 1972, Natural 
Color aerial photographs, Line 2, Frames 
1 to 3; Line 3, Frames 1 to 4; Line 4, 
Frames 1 to 3; nominal scale 1:10,000, 
flown 4-18-72. 

McIlvride, W. A., 1984, An Assessment of the 
Effects of Prescribed Burning on Soil 
Erosion in Chaparral: U.S. Soil Conser
va tion Service, 101 p. 

Minnich, R. A., 1983, Fire Mosaics in South
ern California and Northern Baja Calif or
nia: Science, v. 219, p. 1287-1294. 

National Aeronautics and Space Admin
istration, 1982, False color infrared 
aerial photographs, Flight 82087, Line 3, 
Frames 192, 193, 194, and 195, nominal 
scale 1 :24,000. 

Perry, D. G., 1984, An assessment of wildland 
fire potential in the city of Mill Valley 
and the Tamalpais Fire Protection Dis
trict, Mill Valley, California, based on 
fuel, weather, topography, and environ
mental factors: Unpublished Technical 
Report da ted November 1984. 

Reneau, S. L., Dietrich, W. E., Wilson, C. 
J., and Rogers, J. D., 1984, Colluvial 
deposits and associated landslides in the 
Northern San Francisco Bay Area, Cali
fornia, USA: Proceedings of IV Inter
national Symposium on Landslides, Canadian 

Geotechnical Society, v. 1, p. 425-430. 
Rice, R. M, and Foggin, G. T., 1971, Effects 

of high intensity storms on soil slippage 
on mountainous wa tersheds in Sou thern 
California: Water Resources Research, v. 
7, p. 1485-1496. 

Smith, T. C., In press, A method for mapping 
susceptibility to debris avalanches with 
an example from San Mateo County, Cali
fornia. 

Spittler, T. E., 1984, Landsliding in For
ested Terrain, Southern Humboldt County, 
California: Geological Society of America, 
Abstracts with Programs, v. 16(6), p. 665. 

U. S. Geological Survey, 1970, Black and 
White Aerial Photographs, Flight GS-VCMI, 
Line I, Frames 1-76 and 1-77, nominal 
scale I :80,000, Flown 4-19-70. 

-' 1982, Black and White Aerial Photo
graphs, Flight USGSJSM, Line 3, Frames 31, 
32, 33 and Line 4, Frames 29, 30, 31, 
nominal scale 1 :20,000, flow 1-6-82. 

Varnes, D. J., 1978, Slope movement types 
and processes, in Schuster, R. L. and 
Krizek, R. J., editors, Landslides, anal
ysis and control: National Academy of 
Sciences, Transportation Research Board 
Special Report 176, p. 11-33. 

Wells, W. G., II, 1981, Some effects of 
brushfires on erosion processes in Coastal 
Southern California, in, Erosion and 
Sediment Transport in Pacific Rim Steep
lands, p. 305-323. 

Wright, R. H., 1982, Geology of Central 
Marin County, California: Unpublished 
Ph.D. Dissertation, University of Califor
nia, Santa Cruz, 204 pages, map scale 
1:12,000. 



Publications of the Inland Geological Society 1989 Volume 2:279-284 

DISTRIBUTION AND FREQUENCY OF STORM __ GENERATED 
SOIL SLIPS ON BURNED AND UNBURNED SLOPES, 

SAN TIMOTEO BADLANDS, SOUTHERN CALIFORNIA 

Douglas M. Morton 
U. S. Geological Survey 

University of California 
Riverside, CA 92521 

ABSTRACT 

Soil slips generated by winter rainstorms in 1969 were eight times 
more numerous on unburned than on recently burned slopes in a 16 square 
kilometer area of the San Timoteo Badlands, in southern California. Phys
ical conditions such as geology, physiography, and vegetation were similar 
for both burned and unburned areas before the fire, and soil transmissive 
capacity is considered to be virtually the same. In the unburned area, 
there were 174 soil slips per square kilometer and in the burned areas 
there were 21. These disparate numbers indicate that the transmissive 
capacity of soil in the unburned area was exceeded far more commonly than 
in the burned areas. A lower infiltration rate in the soil of burned areas 
is the most likely reason that the transmissive capacity was less commonly 
exceeded. Two fire-induced factors probably account for the lower infil
tration rate: 1) development or enhancement of water repellency in the 
soil, and 2) removal of vegetation and surface litter. Increased surface 
runoff, resulting from lowered infiltration rate, produces increased stream 
channel discharge, which in turn can mobilize debris flows along stream 
channels. 

STUDY AREA 

An in ven tory was made of rainstorm
generated soil slips in southern California 
to compare differences in the numbers of 
these landslides on recently burned and 
unburned hillsides in a semi-arid environ
ment. The study site required similar 
geology, soil, physiography, and vegetation 
in both burned and un burned parts of an area. 
These criteria were met by the San Timoteo 
Badlands in western Riverside Coun ty -- an 
area covering 16 square kilometers (Fig. 1). 
Part of the area was burned by wildfires 
during the summer of 1968. Intense and 
prolonged rainstorms generated landslides in 
January and February of 1969. Aerial photo
graphs of the area were available at a scale 
suitable for making an inventory of storm 
genera ted landslides. 

Physical attributes are similar throughout 
the area. It is underlain by the San Timoteo 
Forma tion, -- a thick section of Pliocene 

and (or) Pleistocene continental sediments 
(see Matti and Morton, 1975, and Reynolds 
and Reeder, 1986). In the study area, the San 
Timoteo Formation is composed mainly of well 
indurated, poorly stratified, coarse-grained 
sandstone and conglomera teo Li thologic 
sequences are continuous from burned to 
unburned parts of the area. Physiograph
ically, the area consists of mature badland 
topography with steep slopes and a fine 
drainage texture. 

VEGETATION 

The predominant types of vegetation are 
coastal sage scrub (Salvia mellifera, Salvia 
apiana, Encelia farinosa, and Eriogonum 
/asciculatum) and chaparral (principally 
Ceanothus crassifolius, Adenostoma /asei
eulatum, Arctostaphylos glauca, Rhus ovata, 
and Heteromeles arbuti/olia). Stand cover 
and biomass are light to moderate on south-
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Study Area 
Figure 1. Location of the study 
area in the San Timoteo Badlands, 
east of the San Jacinto fault, 
northern Riverside County, southern 
Calif ornia. 

and west-facing slopes, and moderate to loc
ally heavy on north- and east-facing slopes. 
Encelia /arinosa is dominant on many of the 
more lightly vegetated south-facing slopes, 
especially in the western part of the area. 
Salvia melli/era is the dominant vegetation 
on some north-facing slopes. Chaparral is 
most common on north- and east-facing slopes. 

Ann ual grasses form widespread ground 
cover and are generally most abundant on the 
more lightly vegetated north-facing slopes, 
but are also abundant on some south-facing 
slopes. They appear to be at a minimum on 
the north-facing slopes that are densely 
covered by coastal sage scru b. Before the 
fires, this vegeta tion was widespread 
throughout the area (U. S. Department of 
Agriculture, 1932). 

BURNS AND SUBSEQUENT STORMS 

On June 16, 1968, a wildfire swept the 
southeastern part of the area, and on August 
8th 1968, the southwestern part was burned 
(Fig. 2). During the following January and 
February, heavy rainfall generated many tens 
of thousands of landslides, predominantly 
soil slips, throughout much of southern Cali
fornia (Campbell, 1975). 

Total rainfall for the San Timoteo Bad
lands area was about 33 cm (Waananen, 1969). 
This amount exceeds the empirically deter
mined threshold (presuming rainfall was of 

the proper in tensi ty ) that triggers soil 
slips in southern California (Campbell, 
1975). A rain gauge at Beaumont, about 8 km 
east of the area, recorded 21.6 cm of precip
itation for the period January 18-26. Peak 
rainfall occurred between noon on the 24th 
and 6 p.m. on the 25th, when 12.7 cm of 
rainfall were recorded. On February 22-25 an 
addi tional 18 cm of rain fell, the highest 
intensity occurring between noon of the 23rd 
and 6 p.m. on the 25th, when 16.5 cm were 
recorded. Several smaller storms between 
the intense January and February storms kept 
the area moist. Empirically determined 
thresholds and conditions at the time that 
soil slips developed in the Santa Ana, San 
Gabriel, and Santa Monica Mtns., 50 to 150 
km west of the area (Campbell, 1975), lead 
me to believe that the badlands soil slips 
probably occurred between noon on January 
24th and 6 p.m. on the 25th and between noon 
of February 23th and 6 p.m. on the 24th. 

METHODS OF INVENTORY 

Aerial photographs were used to determine 
both the distribution of the storm-generated 
soil slips and the outline of the burned 
areas. The requIsIte photographs (1:12,000 
scale, numbered 7-35 and dated 5-5-70) were 
obtained from the Riverside County Flood 
Control and Water Conservation District. No 
rains capable of prod ueing soil slips fell 
in the San Timoteo Badlands between the 
January-February 1969 storms and the May 1970 
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Figure 2: Distribution of soil slips (black) in burned and unburned areas. 
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photography. Soil slips and debris flows 
visible on the aerial photographs were plot
ted on the U. S. Geological Survey EI Caso 
7.5-minute Quadrangle (Fig. 2). A field 
check of the area indicated that virtually 
all the soil slips we sawin the field had 
been detected on the aerial photographs. 

HILLSIDE SOIL-SLIPS: 

Appearance, distribution and abundance 

Crowns of most soil slips were located 
near the crests of ridges on slopes of gen
erally 25 to 40 degrees (Fig. 2). Most soil 
slips were only about 15 to 40 cm thick and a 
few meters wide. Initially they took the 
form of a slab-like mass of surficial mater
ial with a well-defined crown. This slab 
generally disaggregated downslope, becoming a 
fluid debris flow. These debris flows occur
red mainly in first-order stream channels. 
At places in the unburned area, debris flows 
originating in first-order drainage channels, 
coalesced, and traveled down second- and 
third-order stream channels. The longest 
debris-flow train extended about 400 m. Soil 
slips in the burned area appeared identical 
to the soil slips in the un burned areas. 

Soil slips were mapped over an area of 
about 16 square kilometers, of which 5.5 
square kilometers were burned in 1968 and 
10.5 square kilometers were not. The crowns 
of 118 discrete soil slips were mapped in the 
burned areas, resulting in an areal count of 
about 21 per square kilometer. In the 
unburned area, crowns of 1830 soil slips were 
mapped, resulting in an areal count of about 
174 per square kilometer, -- about eight 
times the number on unburned slopes. At 
several places in the unburned area individ
ual soil slips coalesced and were mapped as 
single failures. 

The more subdued badlands topography along 
the northeastern part of the area had consid
erably fewer soil slips than the steeper 
topography elsewhere (Fig. 2). Thus, the 
number of soil slips reported for the lUn
burned slopes is a minimum value. 

In several places within the unburned 
area, debris that had accumulated from soil 
slips which developed in first-order drain
ages formed debris flows that extended down 

second-and third-order drainage channels. 

Mechanisms responsible for slip. 

Soil slips originate when the rate of 
water infiltration into colluvial soil on 
hillsides has exceeded the transmissive cap
acity of the underlying material, that is, 
when water is added faster than it can drain 
away (Campbell, 1975). This condition re
sults in the development of a temporary 
perched wa ter table and a posi ti ve pore 
pressure in the soil. These conditions are 
generally fulfilled during periods of high
intensity rainfall on a soil already at or 
near transmissive capacity. Thus, for the 
San Timoteo Badlands area in January and 
February of 1969, the transmissive capacity 
of colluvial soil was exceeded more commonly 
in the un burned than the burned areas, even 
though the similarity of soils in the burned 
and unburned areas suggests that their trans
missive capacities should be similar. 

A difference in infiltration rates between 
the burned and unburned areas is the most 
likely reason for the difference in the num
ber of soil slips. Especially important are 
differences in infiltration rates during the 
peak rainfall periods that appear to trigger 
soil slips (Campbell, 1975). The reduced 
inf il tra tion rate typical of soils in the 
burned areas greatly increases surface runoff 
and stream channel discharge compared to 
unburned areas. Thus the increased discharge 
leads to the formation of the channel debris 
flows so common in burned areas following 
rainstorms (Wells, 1986). 

Two factors resulting from fires are like
ly to be major contributors to lower infil
tra tion rates in soils of burned areas. These 
factors are: 1) development or enhancement of 
water repellency of soils, and; 2) removal 
of vegetation and ground litter. The U. S. 
Forest Service researchers studying soils in 
terrains domina ted by chaparral vegetation 
have clearly documented the existence of 
water-repellent soils and their importance to 
runoff and erosion. Especially important are 
water-repellent soils produced or enhanced by 
wildfires (DeBano, 1981). 

An intensified repellent state of the sur
face soil results in greater hillside runoff, 
which can yield channel flood flows down-



stream capable of transporting large amounts 
of debris. The reduced infiltration that is 
characteristic of water-repellent soil sug
gests that the areas of recently burned 
chaparral-dominated vegetation should be 
less susceptible to landsliding (i.e., soil 
slips) than similar unburned areas. This 
suggestion is supported by work in the San 
Dimas Experimental Forest of the south
central San Gabriel Mountains, where Rice 
and coworkers (1972) compared two similar 
drainages, -- one burned in 1968 and the 
other not. They found the unburned drainage 
to be more susceptible to landsliding in the 
winter of 1969 than the burned drainage. 
They suggested that the area was less 
susceptible to landslides immediately after a 
fire than later during forest recovery (Rice 
et al., 1972, p. 327). 

Removal of vegetation and surface litter 
has also been considered important for in
creasing surface runoff and hence in decreas
ing infiltration (Shuirman et aI., 1985). 
I examined soil and surface conditions after 
modera te rainfall in two areas of the San 
Timoteo badlands burned in 1968, -- areas 
similar to the 1969 burned areas. These 
burned slopes were sites of sufficient run
off to produce rilling and sediment transport 
by sheet-flow, whereas neither of these 
processes appeared to have occurred on nearby 
unburned slopes. This cursory examination 
suggested that the presence of sparse lit
ter and vegetation, especially annual gras
ses, on the unburned slopes significantly 
retarded the downslope surface flow of water, 
enhancing infiltration. The burned areas had 
only soil irregularities to retard water 
movement, so the infiltration rate was 
apparently reduced compared to the rate in 
unburned areas. 

CONCLUSIONS 

This study documents an eight-times-higher 
rate of storm-generated soil slips on un
burned hillslopes than on similar hillslopes 
burned shortly before the storms. In ef
fect' wildfires protected the slopes from 
soil slips and resulting debris flows. A 
reduced infiltration rate for colluvial soils 
in the burned areas is considered to be the 
major reason for lack of soil slips. The 
reduction in infiltration rate probably re-
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sults from: 1) water-repellent soil produced 
or enhanced by fire, and 2) removal by fire 
of surface litter and vegetation that would 
normally retard the flow of surface water. 
The reduced infiltration rate of soil in 
such burned areas results in a greater 
stream-channel discharge; this in turn pro
motes the stream-channel debris-flows that 
are so often associated with rainfall in 
recently burned areas. 
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HARRISON CANYON DEBRIS FLOWS OF 1980 
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Slosson and Associates 

14046 Oxnard St. 
Van Nuys, CA 91401 

ABSTRACT 

Predictable events and geological mechanisms led to a disastrous flood 
and mudflow which affected a housing development below the Harrison Canyon 
debris basin located in San Bernardino County. Factors which cOllltributed 
to the disaster included: (a) fires; (b) topography; (c) geology; (d) 
hydrology/climatology; and (e) design and location of the Harrison Canyon 
Debris Basin. If all of these factors had been taken into consideration 
during planning and approval of the housing development known as Tract 
6206, this disaster could have been averted. 

INTRODUCTION 

Early in 1980, four storm cells (January 
9th, 14th, 29th, and February 16th) produced 
a series of moderate to high intensity rain
fall periods in Southern California with ac
companying debris flow sequences. The most 
serious result was damage to 40 homes in the 
City of San Bernardino. Extensive damage was 
caused to 33 homes within Tract 6206. This 
tract is located below or downstream from 
the emergency overflow spillway of the 
Harrison Canyon Debris Basin (Fig. 1). 

Damage to the 33 homes in Tract 6206 was 
predicta ble, considering: (1) the historical 
rainfall records and history of past storm 
events; (2) the topography of Harrison Can
yon; (3) the location of Tract 6206 immed
iately downstream of the emergency spillway; 
(4) the geologic setting in the Harrison Can
yon watershed, which includes the presence of 
highly fractured, partially decomposed, gran
ular, coarse-grained igneous rock materials; 
(5) the occurrence of a wildfire a few months 
prior to the storm sequences; and (6) the 
occurrence of an approximately 50-year re
turn frequency storm following three moder
a te to high in tensi ty an teceden t storms. 
Rainfall records for over 100 years, prior to 
1980, indicated earlier periods of similar, 
abnormally high rainfall, with specific ref
erence to the winter of 1884 (Fig. 2). 

The south-facing slopes of the frontal 

portion of the San Bernardino Mountains are 
precipitous and subject to intermittent per
iods of high intensity rainfall from winter 
storms typical to Sou thern California, as 
well as thunderstorms that exhibit summer 
monsoonal characteristics more typical to 
regions such as Baja California. Rainfall 
intensity and prevalence of storm conditions 
are enhanced by the heigh t of the San Bern
ardino Mountains, which form a formidable 
barrier to storm patterns or cells. The 
presence of that mountain range causes win
ter storms arriving from the Pacific Ocean to 
rise. Associated with this rise (orographic 
lifting) is a cooling; as the moist air mass 
rises and cools, less moisture can be held; 
the result is an in tensifica tion of the 
rainfall. This can be seen by observation of 
the difference between the annual average 
precipitation of 17 inches in the City of San 
Bernardino and a maximum of nearly 48 to 50 
inches at the divide or crestline of the San 
Bernardino Mountains (Fig. 3). Additionally, 
some of the high intensity storms stall as 
they start to rise over the crestline, and 
the storms temporarily become stationary and 
yield torrential rainfall over the south
facing slopes. 

To the engineering geologist with an acad
emic background in geomorphology, a good 
understanding of the genesis of mudflows and 
debris flows, and a familiarity with meteor-
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Figure 1: Location of Harrison Watershed, debris basin, and subsurface 
culvert relative to Hampshire Avenue in Tract 6206. 

ology, the location of City of San Bernardino 
Tract 6206 at the mouth of Harrison Canyon 
(Fig. 1) constituted "a disaster waiting to 

happen". When this precarious situation was 
exacerbated by a series of natural and human 
factors, it became only a Question of when 
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and to what extent the mudflows and debris 
flows would occur and spread onto Tract 6206 
and other similar areas. 

A view of precipitous south-facing frontal 
slopes of the San Bernardino Mountains where 
they blend with the alluvial apron (or ba
jada) at the edge of the San Bernardino Val
ley (Plate I a) should immediately alert the 
geologist or geomorphologist to the debris
flow hazard and flood potential. They prevail 
in the vicinity of the apex of each alluvial 
fan within the alluvial apron. The alluvial 
fans themselves are formed as debris-laden 
streams disgorge from the mouths of moun
tainous canyons toward the adjacent valley 
(or basin). At the point of disgorgement, or 
spreading point, the streams slow down. The 
load which was carried at higher velocity is 
deposited. The composition of most alluvial 
fans ranges from coarse-grained sand, gravel, 
and boulders near the apex to finer-grained 
sand and silt near the outer fan fringes. 

HARRISON CANYON DEBRIS BASIN 

The existence of flood and debris flow po
tential along the foothills adjacent to San 
Bernardino, as well as other similar geo
graphic settings in Southern California, has 
been understood since the disastrous floods 
associated with the high intensity rainfall 
of the year 1884. That year witnessed the 
highest annual rainfall during the past 
hundred years. Storms caused torrential 
floods which, according to media accounts, 
apparently washed out all wagon and railroad 
bridges from Santa Barbara, California to 
Yuma, Arizona, and caused extensive flood
ing throughout southern California and north
western Arizona. Other years of known or 
recorded similar high intensity rainfall, 
flooding, and mudflows/debris-flows would 
include 1938 (Plate Ib, c) and 1941 (Plate 
1 d-f). In 1938, 25 people were drowned or 
missing, with wide-spread damage in San 
Bernardino County, incl uding washed out roads 
and railroad tracks and homes filled with mud 
or washed down main streets. 

San Bernardino County, in conjunction with 
the U. S. Army Corps of Engineers, had 
initiated a study of the flood hazard in 1937 
in the wake of flood and debris flow damage 
caused from 1884 to 1937. This action led to 
what is referred to as the "Blanket Project 
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Report" prepared by the San Bernardino County 
Flood Control Advisory Committee in January 
of 1938. Recommendations included increment
al construction of flood channels and catch
ment/debris basins along the northern bound
ary of the city, north of Foothill Boulevard. 

Major flooding, accompanied by very sig
nificant property loss, occurred two months 
later, and escalated action to create the 
San Bernardino Coun ty Flood Con trol District. 
On March 13, 1939, the Flood Control Act was 
passed creating the San Bernardino County 
Flood Control District. 

In October of 1939, the United States 
Forest Service released a debris dam survey 
for the south slope of the San Gabriel 
Mountains entitled "Forest Service Planning 
Report". This report included the proposed 
Harrison Canyon debris basin. Simultaneous
ly, the U. S. Forest Service was studying the 
impact of wildfire burn-off of the watershed 
vegetation upon the erosion and transport of 
sediment. Rowe et ale (1949) recognized that 
erosion and sediment transport accompanied by 
the creation of mudflows or debris flows 
could dramatically increase if high intensity 
storms occurred during the first few years 
following a fire. 

Harrison Canyon watershed was burned in 
August of 1944. A prolonged period of rain
fall followed from November 10th to 14th, 
1944, causing a damaging debris flow. This 
flood/debris flow condition prompted immed
iate construction by the San Bernardino 
County Flood Control District of the Har
rison Canyon debris basin. Approval was 
granted on December 29, 1944; drawings were 
prepared in January and February of 1945, 
with construction underway by April of 1945 
and completion in June of 1947 (see Sadler 
and Morton, this volume, fig. 23). 

TRACT 6206 

The area below the Harrison Debris Basin 
was annexed to the City of San Bernardino in 
March, 1947. On November 26, 1954, Tentative 
Tract 4638 (proposed residential housing) was 
filed with the City of San Bernardino and 
tentatively approved. The San Bernardino 
Flood Control District recommended condition
al approval after flood control prOVISIons 
were submitted on July 14, 1955. The Flood 



Data from the San Bernardino County Flood 
Con trol District show that the actual debris 
production was about five times greater than 
had been anticipated and planned for. Data 
from other areas along the frontal, south
and southwest-facing slopes of the San Bern
ardino and San Gabriel Moun tains demonstra ted 
similar high production of sediment in the 
burned areas where there had been a fire one 
to two years prior to the high in tensi ty 
rainfall and where the bedrock consisted of 
similar, highly fractured, gneIssIC and/or 
granitic rock materials. Shuirman, et ale 
(1985) stated: 

"During the torrential rains of 1978 
and 1980, the bulking factor for some 
burned Southern California watershed 
streams ranged from 200% to 500%. This 
increase in the bulking factor is not 
unusual for such areas after a severe 
burn. Precipitation runoff intensity 
for these same burned watersheds ap
pears to have reached approximately 
1 00% for the 15 to 60 minute period of 
rainfall. This almost sudden surge of 
sediment-laden flow was then superim
posed upon nearly full bank flow creat
ing the flash flood and debris flows 
which caused death and destruction". 

THE FIRE FACTOR 

Data researched from other sources such 
as: Adams et ale (1947); Davis (1980); Kram
nes (1960); Langbein and Schumm (1958); Rowe 
et ale (1949); Scott (1971); and Wells (1980, 
1981, 1982) indicate that catastrophic debris 
flow conditions can be anticipated when high 
intensity storms follow wildfire burns. 
Shuirman et ale (1985) stated: 

"Research by the United States Dep
artment of Agriculture and others luc
idly indicates that erosion following 
a wild-fire is increased dramatically 
as a result of removal (fire loss) of 
the vegetation and its associated lit
ter. The vegeta tion (grass, brush, 
trees and litter) not only provides a 
canopy to protect the soil from rain
fall impact, but also utilizes or 
absorbs some of the rainfall. In 
addition, litter acts as multiple 
micro-debris basins on a slope retard
ing the effects of sheet flow. 
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"High temperature brush fires (400 
degrees F) change the infiltration cap
acity near the surface and the permea b
ility of the subsurface soils. . . . As 
the nature of the soil profile is 
altered, some people feel that fine
grained materials tend to move down ward 
through the soil profile causing a 
shift in particle~size distribution 
wi th the near-surface soils becoming 
coarser grained and more porous while 
densifying the lower soils by way of an 
increase in the percentage of fines. 
It is suggested that this change in 
particle-size distri bu tion reduces the 
permea bili ty of the lower, denser 
soils. 

"The writers believe that this 
theory is most likely only as the re
sult of freeze-thaw cycles. Since the 
arid and semi-arid slopes of southern 
California seldom experience freeze
tha w conditions, the wri ters suggest as 
an alternate that partial fusion of 
clay particles on the surface occurs as 
the result of high fire temperatures. 
This forms a thin glaze on the surface 
which initially tendls to shed water, 
but with time after the fire this glaze 
breaks up into small pieces and takes 
on the physical properties of a light
weight granular soil which is highly 
erodible. . . . This, we believe, ex
plains why there seems to be a higher 
percen tage of granular soil near the 
surface after a fire. Certainly this 
concept could form the basis for an 
important research project that could 
be performed by the Forest Service in 
their controlled burn areas, i.e. pro
filing soils and performing gradation 
and particle type analyses before and 
after the burns. 

"Further, a wate:r repellent layer 
develops two to three inches (5.1 to 
7.6 cm) below the surface as a result 
of concentration of wax-like aliphatic 
complexes of long chain hydrocarbons 
derived from the burning of veget
a tion. . . . The origin of this repel
lent zone is associated with the burn
ing of litter and overlying vegetation 
with the vaporized hydrocarbons moving 
downward in the soil and condensing at 



of vegetation due to fire or drought. Sedi
ment contribution during high intensity rain
fall immediately after a wildfire can be 
significantly greater than that which stan
dard erosion (or erodibility) procedures 
would suggest. Field inspection by a geo
logist experienced in erosion processes 
related to earth materials and the fire/flood 
phenomenon is necessary to predict accurate
ly the sediment yield. 

Approximately 12% of the area is unconsol
ida ted, coarse-grained alluvial materials and 
older unconsolidated alluvial and alluvial 
terrace deposits. These materials were prim
arily derived from upslope quartz monzonite 
and granodiorite and are thin and readily 
eroded by fast moving stream flow. 

Approximately 2% is gray, lithified, non
marine sandstone and conglomerate, which 
has been highly fractured by past tectonic 
crushing associated with fault displacement 
within the San Andreas fault zone. These 
earth materials are also subject to aggres
sive erosion from torrential rainfall. 
Approximately 1 % is highly fractured and 
crushed, foliated gneiss and schist and, 
thus, very erodible. 

Intense Fracturing and Crushing 

All of the bedrock materials exposed in 
the Harrison Canyon watershed have been 
intensely fractured by repeated displacement 
(or fault activity) and shearing/shattering 
of the rock materials within this segment of 
the San Andreas Fault. This intense frac
turing, in conjunction with the medium- to 
coarse-grained nature of the bedrock, ex
poses loose, medi um- to coarse-grained sur
ficial materials, which are readily eroded by 
rainfall and the associated rapid surface 
runoff. 

Moderately Steep Slopes 

Side-slope gradients range from approxim
ately 20 degrees to approximately 35 degrees 
(or 40-70% gradients). Slope gradients with
in this range are considered the most 
suscepti ble to surficial erosion and shallow 
slumping (Campbell, 1975; Scott, 1971; and 
Shuirman, et ai, 1985). Thus, a combination 
of easily eroded, medium- to coarse-grained 
soil and loose, weathered bedrock on slopes 
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with gradients of 20-35 degrees, where high 
intensity rainfall occurs, provides the 
potential for extremely high sediment pro
duction. 

Narrow Canyons with 
Moderately Steep Gradients 

Harrison Canyon, like most of the canyons 
within the south-facing slopes of the San 
Bernardino Mountains, is a narrow, confined 
channel with a stream gradient of 4 to over 
10 degrees (7-18% slope). This steep, con
fining geometry encourages the concentration 
and acceleration of runoff and allows the 
stream flow to act as a very effective 
conveyor, rapidly transporting loose sediment 
to the canyon mouth and apex of the assoc
iated alluvial fan. The steep gradient sets 
the stage for high velo(~ity flow and a very 
efficient sediment transport. 

During periods of torrential rainfall, the 
surficial materials on the side slopes or 
canyon walls may become saturated. Rapid 
downslope movement of these saturated, or 
water-laden, materials creates downslope mud
flow and debris flow activity. This down 
slope movement of loose materials concen
trates in the canyon bottom, and subsequently 
creates a mass of debris flow materials 
moving rapidly downslope within the canyon. 
This material is superimposed on the already 
existing flood condition within the channel 
(bottom of canyon) as was noted in the 
vicinity of Tract 6206 on January 9th, Jan
uary 14th, January 28th, and February 16th of 
1980. 

Effect of High Mountains on Storm Cells 

The San Bernardino Mountains and the San 
Gabriel Mountains are formidable barriers to 
win ter storm cells which generally move 
landward from the Pacific Ocean toward the 
interior of the western portion of the con
tinent. These storms usually move eastward 
with westerly wind patterns. The presence 
of the relatively high San Bernardino Moun
tains causes the stOrIn cells to rise over 
this barrier, creating an orographic lifting 
condition. Elevations vary from 1400 feet at 
the debris basin to over 6000 feet along the 
crestline above (Fig. 5). Generally, the 
temperature within a storm cell is lowered 
5.5 degrees F for each 1 000 feet of forced 
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rise. This can be modified by other factors 
such as local atmospheric temperatures, rate 
of rise, and conflicting wind conditions. 
Considering the generalization of a drop of 
5.5 degrees F for each one thousand feet of 
elevation c;hange, it is reasonable to expect 
a storm cell to drop in temperature at least 
25 degrees F, which translates to an increase 
in precipitation. Since cold air can retain 
less water than warm air, it is logical to 
assume an increase in rainfall with the in
crease in elevation along the south face of 
the San Bernardino Mountains. The con
verse, of course, is true for the storm cells 
as they descend the north slopes to the 
Mojave Desert area. 

Statistical records indicate that the 
average annual rainfall for the precipitous 
south-facing slopes of the San Bernardino 
Mountains varies from approximately 19 inches 
in the area of the Harrison Canyon Debris 
Basin, to approximately 28 inches in the 
upper watershed of Harrison Canyon (a dis
tance of two miles) and approximately 48 to 
50 inches along the crestline (divide) of the 
San Gabriel Mountains (a total distance of 4 
miles, Fig. 3). 

A formidable topographic barrier can also 
ca use storm cells to stall as they attempt: to 
rise up and over the crestline (divide). 

High Damp air 
pressure moderate 

temperature 

Modified from Koeppe, C.L. 1958 

Stalling can cause torrential rainfall to 
occur over a small area for a longer time 
period. This stalling condition has con tri b
u ted to some of the most severe, torrential 
rainfall ("cloudbursts") during the past 
century. The storm of February 14, 1980 was 
enhanced in magnitude by this factor, result
ing in the sequence of storms in January and 
February of 1980, which were disastrous to 
Tract 2606. 

Continuous flow of flood waters from the 
de bris basin was cond ucted through a su b
surface culvert to the main Waterman Canyon 
flood control channel. For most storm con
di tions, this would have been more than 
adequate, but for a fire/flood condition, the 
design was clearly inadequate and inapprop
riate. The design of a subsurface culvert 
instead of an open channel should have taken 
into consideration the fact that a burn of 
the watershed could have been followed by 
10-, 25-, or 50-year storms or that the cul
vert could become clogged. 

DAMAGE 

Records indicate that the debris basin had 
been cleaned of accumulated sediment (debris) 
during October 1980 and was capable of con
trolling (containing) 25,000 to 45,000 cubic 
yards of sediment. The moderate January 9th 
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Figure 5: Schematic section showing topographic effects on a storm cell. 



storm filled the basin to the crest of the 
emergency spillway with an estimated quan
tity of only 15,000 cubic yards; water and 
some sediment overflowed onto and across 
40th Street and into Hampshire Avenue. 
Photos from the San Bernardino Sun-Telegram 
showed that this storm deposited mud in the 
streets and buried three cars, a truck, and a 
motor-home up to their bumpers. 

The second storm (January 14th) contrib
uted an estimated additional 17,000 cubic 
yards to the basin, with approximately 
42,000 cubic yards spilling over and in to 
Tract 6206. Approximately 25 homes suffered 
damage, some with severe structural damage. 
Many of the 25 homes had mud as much as 1 to 
2 feet deep in their interiors, and parked 
cars were swept away down the street. It was 
reported that the damage occurred within 
three to five minutes. A retaining wall 
along 40th Street protected some homes from 
six feet of mud, which built up on the north 
side of the wall. It was further reported 
tha t the mud was chin deep according to a San 
Bernardino Fire Department Battalion Chief 
who was in charge of evacuating residents. 

From January 17th through 21st, an est
imated 4,217 truckloads (15 to 25 cubic yards 
each) of sediment was removed from Harrison 
Canyon Debris Basin - essentially restoring 
the planned storage capability of 25,000 to 
45,000 cu bic yards. On January 28, 1980, 
the third of four storms drenched the south
land. This storm deposited 6,500 cubic yards 
of debris into the basin, but an additional 
37,000 cubic yards overflowed, again burying 
portions of Tract 6206. The high proportion 
of overflow was unanticipated; it was caused 
in part, by the plugging of the outflow cul
vert by a large palm tree. The majority of 
the flood waters exited the basin via the 
emergency spill wa y rather than the outflow 
culvert. Damage occurred to 33 homes in this 
flooding event, including 7 homes that had 
not been damaged in previous storms. Mud as 
high as four feet was observed in some homes. 
On February 5th, the basin was cleaned and 
capacity restored. 

The coup de grace apparently occurred when 
the high intensity torrential storm of Feb
ruary 14-16, 1980 (approximately a 50-year 
storm) flooded the general vicinity and rap
idly filled the basin to its maximum capacity 
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of about 45,000 cubic yards. An additional 
51,000 cubic yards overflowed on to Tract 
6206. Approximately 40 homes were damaged in 
the February 16th flood, with some houses 
buried up to their eaves. Residents were 
evacuated late on the evening of the 16th. 
The mud crested the top of the debris basin 
dike "like a wave in Hawaii" as stated by one 
witness. The retaining wall which had pro
tected some homes in the three earlier events 
gave way and several previously unharmed 
homes were damaged. I twas sta ted by San 
Bernardino Mayor W. R. Holcomb that the 
reason the mud came down so quickly in the 
most recent flood was that a palm tree became 
wedged in the stream bed, blocking the 
runoff. When the tree was forced out by the 
water, it was reported that "a wall of mud 
came down that nothing could stop". 

LITIGATION 

On January 21, 1986, after a nine-month 
trial, the Superior Court of San Bernardino 
County found the City of San Bernardino and 
the San Bernardino County Flood Control Dis
trict liable for monetary damages of over 
$4,000,000 to 32 homeowners; of this sum, 
$1,000,000 was to be applied to attorneys 
fees, pre-judgment interest, and interest of 
$1,000 in accruing daily interest. The case 
was appealed and the payment delayed pending 
tha t hearing. An attorney representing the 
homeowners issued a statement that govern
ment officials had agreed to drop the appeal 
and payments were to commence -- 7 years 
after the losses were incurred. 

The jurors specifically found the County 
Flood Control District negligent for failing 
to remove debris from the flood control basin 
above Hampshire Avenue and the city negligent 
for allowing a housing tract to be built be
low the basin in a potentially dangerous 
flood zone. The homeowners will receive 
payouts ranging from $15,000 to $135,000 to 
compensate for losses to their property val
ues, legal costs, and "emotional distress" 
caused by the flooding. It is estimated that 
property values have dropped by as much as 
$30,000 as a result of fear of the proximi ty 
to the flood zone. Those homeowners who 
have relied on compensation from federal 
flood insurance policies will now have to 
repay the federal government from settlement 
earnings. 
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A bou t 25 homes along Hampshire A ven ue 
were removed fronl the area in the creation of 
a grassy sl uice (or flood channel) designed 
to carry future floodwaters away from the 
nearby homes. The City of San Bernardino and 
the Federal Emergency Management Agency 
bought 5 or 6 of the damaged homes. Payment 
of the judgment has brought awareness of the 
problems involved in liability cases. The 
officials of both city and county governments 
had tenaciously con tended that their side of 
the case would prevail because they believed 
all reasonable flood control protection had 
been utilized. The City further felt that it 
was covered by liability insurance, only to 
discover that there was a standard policy 
exclusion in their coverage for "govern
ment-caused damages". To complicate the is
sue further, one of the three firms that 
insured the City had filed for bankruptcy, 
thereby terminating the policy it held. 

The Flood Control District had adopted a 
self -insurance policy and was confiden t that 
the coverage would pay at least part of the 
judgment. To thc;: dismay of the officials, 
the fund was consumed early by attorney fees 
and investigative costs. These agencies are 
now having to develop methods to fund the 
payments, which are being distributed accord
ing to a court-approved formula. The City's 
initial payment was derived from an income
investment fund, with the remainder being 
dependent on the approval of a $2 million 
loan. The Flood Control District is in the 
process of borrowing in lieu of insurance be
cause the emergency fund is earmarked for 
other claims. 

CONCLUSIONS 

The land-use decision to allow Tract 6206 
to be developed immediately below the emer
gency spillway of the Harrison Canyon Debris 
Basin was imprudent and failed to take prop
erly into account the potential for debris
flows resulting from a fire/flood sequence. 
It appears there were three main factors 
contributing to the approval of the tract in 
this extremely vulnerable location: 

1. Too little communication and cooper
ation between separate jurisdictions: the 
land-use agency (San Bernardino City Planning 
Commission), whkh had the authority and res
ponsibility for approval, and the key ad vis-

ory agency (San Bernardino County Flood 
Control District). This is also a problem 
for adjoining cities and/or counties. Un
fortunately experience and case histories 
show this factor to be a problem throughout 
the western sta tes. 

2. Possible lack of engineering geology 
expertise on the part of the Flood Control 
District in not fully recognizing the debris
producing potential of the Harrison Canyon 
watershed. It is likely that, if the debris 
basin had been redesigned a t the time of 
subdivision to a larger capacity, the in
creased costs would have prompted the Plan
ning Commission to either, 

a) Proceed with debris basin enlargement, 
but assess the developer for the cost differ
ential; or 

b) Consider construction of an open chan
nel to Waterman Canyon instead of the under
ground culvert. This alternative would have 
rendered a strip of land unusable, but would 
have provided much greater overflow capacity; 
or 

c) Disapprove the subdivision and convert 
the land-use to park land as was done sub
sequent to the 1980 floods. 

3. Possible subtle political pressure on 
ei ther or both the Planning Commission and 
Flood Control District to find a relatively 
inexpensive solution to the problem so that 
the tract could be approved. 
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Plate 1 (opposite): 

a: View of the San Bernardino Valley and the precipitous, southwest-facing slopes of the San 
Bernardino Moun tains. 

b: House buried in City Creek east of San Bernardino, March 1938. 

c: Looking east near Tippecanoe A venue and East Third Street, March 1938. 

d: Little Sand Creek looking southeast along Foothill Drive, February 21, 1941. 

e: Sand Creek at Santa Fe Railway crossing, February 21, 1941. 

f: Sand Creek looking east along Pacific Avenue, February 21, 1941. 
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PREAMBLE 

The steep, semi-arid, fire-prone and seismically active, mountain 
slopes that flank the inland valleys of southern California display many 
landslide phenomena. There are fine examples of huge ancient landslides 
that apparently originated in the Pleistocene. But slides, rock falls and 
debris flows still abound after heavy precipitation; some reach disastrous 
proportions, and many are associated with ancient slides. Urban encroach
ment and grading increase the prevalence of slope failures and the amount 
of damage that even small movements can cause. It is tempting to regard 
large landslides as an exclusively pre-Holocene phenomenon, and assume 
that the hazard disappeared together with the wetter Pleistocene climates. 
On the other hand, the duration of the Pleistocene (2 Myr) dwarfs the Holo
cene (I 1,000 yr), and renders the period of historical records (less than 
200 yr) to an insignificant interval. This discrepancy certainly contrib
utes to the relative abundance of Pleistocene slides. 

Ancient slide deposits are clearly significant, but are less readily 
recognized. than active slope failure. In the sections that follow we 
provide a field guide to easily accessible examples of a wide variety of 
landslides, but we have emphasized the more subtle and less familiar 
forms. 

As far as possible, the field guides have been given the style and 
continuity of a topical handbook. Thus, they depart somewhat from general 
geological "road log" format of traditional guidebooks to this area. 

We have strung the sites into four routes commencing on the freeways 
of the San Bernardino - Riverside area. This arrangement simplifies the 
routing instructions, but there is also some topical continuity to each 
rou teo The rou tes could each be completed in one day, bu t this is not 
particularly advisable. Many of the slopes reveal their morphology best in 
the low-angle sunlight of morning and evening hours; the hazy, high-angle 
sunlight of smoggy summer days can mask all but the most blatant features. 

Routing instructions are set in italic type to separate them from the 
geologic descriptions. Except where specifically noted, all the recommend
ed routes are manageable without 4-wheel drive, though snow may close -some 
roads in winter. The San Bernardino County Museum and the campus of the 
University of California at Rive-rside are suggested as staging points 
where more geological information is available. The U.S. Forest Service 
Ranger stations can usually provide maps and road information. 

Wherever feasible the guides that follow complement their maps with 
labelled illustrations from the perspective of the routes described. The 
maps emphasize landslides and slopes; most show topographic contours only 
on bedrock slopes. The guides do not pretend to address all the land
sliding along the routes, nor do they describe the general geology, except 
as it relates to landsliding. 



Publications of the Inland Geological Society 1989 Volume 2:301-322 

THE ~ FAILINGS OF THE PELONA SCHIST: 
LANDSLIDES AND SACKUNGEN IN THE LONE PINE 

CANYON AND THE· WRIGHTWOOD AREAS OF THE 
SAN GABRIEL MOUNT AINS OF SOUTHERN CALIFORNIA 

Douglas M. Morton 
U. S. Geological Survey 

University of California 
Riverside, CA 92521 

Peter M. Sadler 
Department of Earth Sciences 

University of California 
Riverside, CA 92521 

ABSTRACT 

The Pelon a Schist is the most landslide prone basement rock unH in 
the Inland Valley region of Southern California. In addition to being the 
source of the well-known mudflows at Wrightwood, slopes underlain by Pelona 
Schist are sites of a large variety of landslide types, most of which lack 
classical landslide morphology. Sackung morphology, thought to be related 
to deep-sea ted rock creep, is seen on ridges of unusually low relief. 

INTRODUCTION 

The eastern part of the San Gabriel Moun
tains con tains excellen t examples of a var
iety of landslides, including sackungen, that 
ha ve developed in basement rock. Of partic
ular interest are the a bundan t and varied 
landslides in the Pelona Schist. The route 
(Fig. 1) for this field guide is designed 
primarily to view different types of land
slide in the Pelona Schist, but it visits, 
landslides developed in other basement rock 
types for purposes of comparison. The route 
passes from the low relief of the San Bernar
dino area to the higher parts of the east
ern San Gabriel Mountains. 

The Pelona Schist, comprised of several 
rock types but mainly a fissile, white mica
albite-quartz schist, is the most landslide 
prone, and apparently the most easily dis
tortable basement rock type of inland south
ern California. All major lithologic varia
tions of the Pelona Schist, including green
stone, appear to be landslide prone. The 
Pelona Schist is probably best known as the 
source material for spectacular mudflow oc
currences at Wrightwood, but is also a source 
material for a large variety of landslide 
types. Most of these other types lack typ
ical or classical landslide morphology. 

Mudflows are only one minor type of land-

sliding in the Pelona Schist, but the dram
atic nature of moving nludflows has focused 
attention to them. Otherwise there has been a 
general lack of awareness of the multitude 
and variety of landslides occurring wi thin 
the Pelona Schist. The well developed schis
tosity, and in many places the pronounced 
lithologic layering, produce some physical 
similarities with the slope-failure charac
teristics of well-bedded sediments. The 
relatively weak nature of the schist results 
in varied landslides regardless of the phys
ical setting, as long as there is at least 
some moderate relief. 

Even the evolution of a single composite 
landslide in the Pelona Schist can result in 
the formation of a variety of interacting and 
interdependent types of landsliding (Morton 
and Campbell, this volume). 

Except for storm-generated ("cloudburst" 
type) debris-flows, none of the hundreds of 
landslide deposits and the few active land
slides we have seen within the Pelon a Schist 
have moved, or have the physical appearance 
of having moved, in a rapid, catastrophic 
fashion. All other major basement rock 
types, both plutonic and metamorphic, in the 
San Gabriel Mountains, contain some land
slide deposits whose physical appearance 
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Figure 1: Access routes to the landslides described in this guide. 
Open boxes indicate the coverage of maps in subsequent figures. 

indicates they formed by rapid, catastrophic 
movement. Once formed, or reactivated, the 
larger landslides in the Pelona Schist are 
capable of continuous, or essentially contin
uous, very slow movement over a period of 
several years (see Morton and Campbell, this 

volume). 

Sackungen 

Most of the landslides in the Pelona 
Schist have somewhat abnormal or atypical ap-



Figure 2: Explanations for side-hill trenches 
and ridge-top trenches. a; A single shear 
plane passing downward into flexural slip 
folding in folia ted bedrock; based on a 
sackung described by Zischinsky (1969). b: 
Flexural slip in foliated bedrock; after 
Tabor (1971). c: Normal dip slip and thrust 
surfaces associated with "plug flow" of the 
slope material; summary of theory (Radbruch
Hall et al., 1976; Savage and Varnes, 1987) 
and observation in bedrock and sediment 
(Beck, 1968; Morton et a/., this volume). 

pearance when compared to their counterparts 
in sedimentary rocks. An unusual aspect of 
the Pelona Schist, is its ability to undergo 
extreme in situ distortion and dilation 
without failing as a discrete landslide. This 
beha viour is perhaps most evident in the 
common, widespread presence of morpholog
ical features generally attributed to deep 
rock creep. Deep rock creep, in contrast to 
shallow solifluction and debris flow types of 
creep, can extend to depths of hundreds of 
meters (Radbruch-Hall, 1978). In high moun
tain terrain, deep rock creep is considered 
to produce a morphology characterized by 
side-hill trenches, ridge-top trenches or 
depressions, and well defined scarps, but no 
marginal or distal landslide parts (Radbruch
Hall, 1978). The distal part of a creeping 
mass is commonly a distended or bulging zone. 
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The ability of the Pelona Schist to dis
tort without complete failure commonly re
sults in the development of "half -a-land
slide" morphology -- well defined landslide 
morphology in the crown area with no medial 
and/or distal landslide morphology. Strain, 
evidenced by a well developed scarp, can be 
accommodated by distortion in material down
slope, without formation of any downslope 
landslide morphology (Morton and Campbell, 
this volume). Large composite foliation 
plane failures along lithologic layering and 
(or) schistosity surfaces can have well
defined to indistinct head ward morphology 
coupled with distal parts that are indistinct 
to unrecognizable, if indeed present. 

This distinctive form of failure resembles 
tha t to which Zischinsky (1969) gave the 
German term Sackung (Fig. 2). His English 
abstract translates this term as "subsid
ence", which has English connotations that 
are certainly too broad and perhaps mislead
ing. If an English word is needed for 
sackung, we prefer the etymologically closer 
translation sag (late middle English 
saggen; middle low Gernlan and low German -
sacken; Dutch zakken; Partridge, 1983). 
It is clear that Zischinsky coined his term 
for a whole class of slope failure, defined 
according to the spatial distribution of 
shear surfaces, and thus equivalent in order 
to slide, flow, fall, etc. 

A sag is a slope failure in which a well
defined slide plane near the headscarp, pas
ses downward into a broader zone of deep 
creep. Consequently the lower portion of the 
this type of failure simply bulges out into 
the valley. The following excerpt is a 
translation of Zischinsky's (1969, p. 31) 
description of a sag in schists and phyllites 
at Matrei in the Tyrolean Alps: 

" the scarp in the upper part 
of the slope resulted from movement on 
a single slip surface, whose mussel
shaped outcrop in the mountain meadow 
is' easy to recogniZe! as a steep rock 
step; but which certainly ends down
ward within the slope. Below this, 
the slip is taken over by small differ
ential movements on every individual 
shear surface, which sum to produce a 
bending or rotation of the foliation 
into a northward [upslope] dip. 
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"In this deeper region the ductility 
of the material is significantly great
er than higher up, where the foliation 
shows little or no rotation, and the 
movement is taken up by discontinuities 
of a significantly different order 
(slide planes) . . ." 

Gary et al. (1972) give the impression 
that a ridge-top trench is diagnostic for 
Zischinsky's concept of a Sackung. We have 
transla ted the following portions of Zisch
insky's (1969, p. 42-43) general statement on 
Sackung morphology to show that he recog
nized ridge-top trenches (double-crested 
ridges) as a special case: 

"In almost all the sags [Sackungen] 
that I have examined, the generally re
cognized segmentation of the profile of 
the failed slope is more or less 
distinct: a concave upper section and 
a con vex, ou twardl y arched, lower 
part. 

"The segmentation of the slope into 
a conca ve and a con vex part corresponds 
to its division into mass-excavation 
and mass-accretion segments. In all 
the examples given here, one has at 
least the impression that the accretion 
at the foot is greater than the excav
ation at the head.. We must 
therefore accept that the slope mater
ial undergoes dilation during movement, 
no dou bt by a relaxation of the joint 
system, as long recognized in struc
tural geology. . . . 

"The convex foot . . . pushes for
ward out of the line of the normal 
flanks in to the valley space. Through 
this crowding of the valley, 'false' 
terraces and narrows develop, against 
which gravel terraces accumulate ... 

"Rupture surfaces are involved in 
the development of the profiles of sags 
to varying degrees. Their outcrops 
constitute the second morphological 
characteristic of sagged slopes, and 
control mainly their higher parts. One 
can differentiate two groups in which 
the morphological differences corres
pond partly with differences in move
ment: 

"Headscarps are developed in all my 
examples and are, for the most part, 
readily recognizable as such. Commonly 
they at least approach the familiar 
scoop shape. Double-crested ridges 
[Doppelgrate] are a special case of 
this form. They develop when a slip 
surface crops out behind the ridge that 
borders the failed slope. The second 
group includes side-hill ledges and 
trenches [hangparallelen Leisten und 
Rinnen] and, in part, mere reductions 
of gradient, at which mainly subord
inate slip surfaces crop out." 

In schists of the Millstatter AIm in the 
Carnic Alps Zischinsky (1969, p.33) describes 
a slide plane "whose outcrop produces a 1 km 
long and 25 m deep double crested ridge"; 
and yet observations from mining near the 
foot of the sag, and the trace of this slide 
plane prove that it does not shear through to 
the toe of the sag. 

Radbruch-Hall, et al., (1976) applied el
astic-plastic finite element analysis to ex
plain the origin of many slope features that 
are associated with Sackungen. One of the 
more interesting of these is the double
crested ridge, or Doppelgrat. As is evident 
from the translated extracts, Zischinsky 
(1969) thought that double-crested ridges 
formed where a slip surface is located behind 
the ridge-top of the failed slope. Although 
this geometry is demonstrable for some 
double-crested ridges, and more commonly for 
hill-side trenches, it appears too geometric
ally restricted for the general case. We 
consider an analysis by Savage and Varnes 
(1987) to provide a preferable model for the 
general case. Through an extension of the 
analytical approach used by Radbruch-Hall, 
et al., (1976), they showed that symmetric 
double-crested ridges could form as a result 
of symmetric downslope plastic flow on both 
sides of a ridge. 

Current interpretations of the origin of 
sackungen invoke rock "creep" at slow defor
mation rates. The term "creep" is meant to 
imply distributed shear deformation on many 
surfaces rather than simple sliding on one or 
a few surfaces. Many have also suggested a 
causative relationship between the retreat of 
a valley glacier that once butressed the 
slope and a subsequent sagging (bulging) of 



the slope. Sackungen are most spectacular, 
and generally considered to be common, only 
in mountainous areas of relatively great rel
ief, especially in glaciated terrain. Tabor 
(1971), for example, found widespread sack
ungen essentially limited to ridges more than 
1,000 m high. 

Slope failure with morphology that appears 
identical to sackungen has been ascribed to 
ground deformation accompanying earthquakes. 
Some of the earthquake-generated, sackung
like features are in alpine settings similar 
to those where oversteepening of slopes by 
glacial retreat or erosion is considered the 
necessary condition (Beck, 1968; Radbruch
Hall, 1978). Others occur in close proxim
ity to major faults in a considerably more 
subdued physiographic setting, quite dis
tinct from the typical alpine setting (Castle 
and Youd, 1972; Oakeshott 1975; Rad bruch
Hall, 1978; Morton, et aI., this volume). 
Sackungen associated with both the typical 
and atypical physiographic settings occur in 
the eastern San Gabriel Mountains. 
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Sackungen are widespread, though not par
ticularly abundant, in their typical, high
relief setting over much of the eastern San 
Gabriel Mountains. The apparently extreme 
ductility of the Pelona Schist, however, re
sults in the common occurrence of sackung
like morphology on ridges with relief as 
little as 30 m. It is doubtful if deep rock 
creep is responsible for the formation of 
these sackungen. It is more likely they are 
the product of symmetric ridge-top lateral 
spreading, with attendant backward rotation 
of the crestal material. Such sackungen can 
apparently form as a product of high ground 
acceleration, including geometric ridge-top 
focusing of energy, during earthquakes. 
Sackung f ea tures in the Pelona Schist are 
most a bundan t on low-relief ridges along the 
south side of Lone Pine Canyon, very close to 
the trace of the San Andreas fault. 
Sackungen are also relatively common along 
Upper Lytle Creek - Blue Ridge and the ridge 
on the north side of Lone Pine Canyon. 
Relief on these two ridges ranges from 200 
to 400 m. 

Figure 3: Map of landslides (stippled) in the Shandin Hills. Foliation 
attitudes, and dikes are indicated. Slope contours shown on bedrock only. 
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FIELD GUIDE 

The route may be followed on figure 1. 
Take Interstate 215 northbound from Riverside 
toward San Bernardino and Cajon Pass. 

Grand Terrace 

Before its intersection with Interstate 10 
the freeway descends sharply from Grand Ter
race to the Santa Ana River. A small land
slide and gullying are evident in grassy 
slopes southeast of the freeway near the top 
of the grade. Mount Vernon Avenue descends 
this slope, supported in part by concrete 
cribbing. 

On a clear day this grade affords a view 
across San Bernardino to the San Andreas 
fault-line scarp -- the south face of the San 
Bernardino Mountains. The most obvious scars 
(white) high on the mountain face are fail
ures below Rim Forest (Hanson et al., this 
volume). Beyond the freeway interchange at 
the foot of the grade, the low Shandin Hills 
stand out in the basin, immediately northwest 
of San Bernardino. 

Shandin Hills 

The freeway passes close by the south 
flank of the Shandin Hills, between the 
Highland Avenue and State College Parkway 
off-ramps. Stopping on 1-215 is illegal and 
not recommended; most of the landslide mor
phology is easily seen from the freeway at 
slower speeds. 

The first view of landslides within the 
Pelona Schist is in the low relief Shandin 
Hills. Like many of the landslide sites in 
this guide, the landslides are most evident 
in relatively low sun angle conditions. In 
the Shandin Hills either early morning or 
late afternoon light renders the landslides 
most conspicuous. 

The Shandin. Hills, are underlain by the 
siliceous Pelona Schist, cut by Miocene gran
itic dikes; they rise above the aggrading 
alluvial floor of the San Bernardino basin. 
Schistosity strikes west· to northwest and 
dips at moderate angles to the south. Al
though the south side of the Shandin Hills 
should be more susceptible to landsliding 
than the north side, due to day-lighting of 
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lower Lytle Creek Ridge 

-+---- Tertiary pluton at outcrop -----~ ,------- Pelona, Schist outcrop ----

Ca jon 
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Figure 5. View of Lower Lytle Creek Ridge southwest from old Highway at Kenwood, where different 
lithologies influence slope stability (see map figure 4). 

SliOE OFfSET BY SAN ANOREAS fAULT 

NW 

Figure 6. View of Cajon Mountain northeast from old Highway at Kenwood. Stipple: faulted avalanche 
deposi,t of figure 7. 
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Figure 7: Map of faulted landslide deposit (stippled) on, Cajon Mountain. 

lithologic layering and schistosity, the 
weak nature of the schist results in near
ly the same abundance of landslides on the 
north side as on the south side of the hills 
(Fig. 3). 

In the Shandin Hills most of the land
slides are small, 30-200 m wide with slightly 
flattened head ward parts, indistinct crowns, 
and commonly no definition of the toe or dis
tal margins. The flattened headward parts 
suggest a component of rotation during land
sliding; but where observed most landslides 
with this morphology in the Pelona Schist re
sult from the downslope distortion of a mass 
of material. At the time of landsliding, 
material moves downslope leaving behind a 
well-defined crown and produc~s a medial 
bulge with a somewhat flatten upper part. 
Strain in the distal . parts of the landslide 
is commonly expressed only as distortion 
within thoroughly fractured schist or as a 
zone of disaggregation, lacking a "classic" 
well defined slip surface. Thus at the time 
of landsliding, well defined upper limits can 

exist with, at best, poorly defined lower 
limits. 

The interstate grade is maintained by 
benched cut-slopes at the west end of the 
Shandin Hills. The slopes show some rilling 
and gulleys faced with concrete. 

Lower Cajon Creek 

Shortly after /-215 merges with /-15 take 
the Kenwood Offramp and turn left (west) un
der the freeway. Descend toward Cajon Creek, 
turn right onto the old highway and park 
close to the intersection. Approaching the 
Kenwood offramp, notice concrete-lined drain
age gulleys. 

View to the west across Cajon Wash (Figs. 
4-5). Due west across Cajon Wash on Lower 
Lytle Creek Ridge is an intrusive contact be
tween a Miocene granitic pluton (unit Tqm on 
Fig. 4) to the south, and the Pelon a Schist, 
which includes here both greenstone (PS3) 
a nd siliceous schist (PS2), to the north. 



The conspicuous, steep faceted-spurs of the 
modified fault scarp of the Glen Helen fault 
combined with the landslide-prone Pelona 
Schist give rise to abundant landslides. 
Note the relative absence of landslides 
within the granitic rock. The larger land
slides, crossed by the power lines, are more 
obvious here due to the pronounced scarp 
and the bench-like head of the landslide de
posits. 

View northwest along Cajon Canyon (Fig.4). 
Looking along the old highway to the north
west, note the prominent hill where Cajon 
Canyon changes course 90 degrees to the 
northeast, west of Blue Cut (Fig. 4). This 
hill is under-lain predominantly by a well
layered, gray, white mica-rich, variety of 
the Pelona Schist (PS) in a block bounded by 
the Glen Helen fault on the southwest and the 
inactive Punchbowl fault zone on the north
east. The layering and schistosity is quite 
regular, striking northwest and dipping at 
moderate angles to the northeast. This makes 
the east and northeast side of this hill bas
ically a dip slope. 

The combination of the dominant slope dir
ections and the orientation of layering has 
resulted in essentially all of the east and 
northeast aspects of this hill failing by 
distributive failures along the lithologic 
layering and foliation. These large scale, 
pervasive, subtle landslides commonly lack 
recognized landslide morphology. Here, the 
upper parts of the larger slides have pro
nounced flattened surfaces. A few relatively 
well-defined small landslides occupy the 
upper reaches of canyons incised into the 
east and northeast slopes of this hill. 
These more readily apparent landslides divert 
attention from the more subtle but much more 
extensive landslides. 

View North across 1-15 to Cajon Mountain 
(Figs. 6-7). A large, dissected, avalanche 
deposit, composed of gneiss and marble, is 
located north towards Cajon Mountain (topped 
by Forest Service lookout). This avalanche 
originated above the amphitheater located 
slightly east of north. The flattened floor 
of the amphitheater is the upper part of the 
landslide deposit. The San Andreas fault cut 
the medial part of the deposit, offsetting it 
about 700 m (Fig. 7). The dissected distal 
parts of the deposit rest on the Pelona 
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Schist and, locally, on graveL The obvious 
color change in the highway cut on 1-15 from 
whitish (landslide debris with abundant 
marble) in the upper part of the highway cut 
to dark gray (Pelona Schist) is the contact 
between the landslide deposit and in situ 
material. 

Blue Cut. Continue northwest along the 
old highway, Cajon Blvd., and around the 90 
degree bend to where dark-colored Pelona 
Schist is unstable and produces rock- falls 
onto the abandoned lane of the old divided 
highway. Ample parking is available where it 
is possible to pull across the former center 
divider. 

At a road cut 3.4 Iniles from Kenwood, 
Cajon Blvd crosses th(: south side of the 
Punchbowl fault zone, which is an old aban
doned strand of the San Andreas. The fault 
is well exposed in the highway cut. What is 
commonly termed the Punchbowl fault is two 
closely spaced faults. Two different var
ieties of the Pelona Schist occur on the 
outside of the two fauhs, and between them 
is a sliver of different rock types that has 
variable width. Here, at Blue Cut, the Pel
ona Schist on the south side of the fault is 
a well layered siliceous and mica rich green
schist facies rock. The rock inside the 
fault zone consists of a mixture of gneiss 
and chloritized tonalitic rock. Higher 
grade schist, predominantly a garnet-bearing 
greenstone, occurs on the north side of the 
lfault zone. The northern fault zone is 0.3 
miles up Cajon Blvd. from the southern 
fault. The currently active strand of the San 
Andreas fault is crossed 0.3 miles up the 
highway from the northern Punchbowl fault. 

The rock slopes in the Pelon a Schist above 
the old highway have been essentially un
maintained since the opening of the new 
freeway. The catch-fence is in disrepair; 
rockfall deposits have accumulated behind the 
fence and on the abandoned carriagewa y. 

Continue northbound on old highway. 

North of the San Andreas fault the prom
inent road cuts are in bedded sediments. 
First there are moderately dipping marine 
sandstones and shales that are generally con
sidered to be of the San Francisquito Form
ation. Beyond Swarthout Canyon Road is a 
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UPPER LYTlE CREEK RIDGE 

. LONE PINE CANYON 

Figure ~. View of landslides (stippled) on Lytle Creek Ridge, from intersection of Lone Pine Canyon Road 
and Swarthout Canyon Road. 
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UPPER LYTlE CREEK RIDGE 

Figure 10. Scarps in alluvial deposits in Lone Pine Canyon, below Clyde Ranch. 
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face exposing the now steeply dipping San 
Francisquito Formation and non-marine sand
stones and conglomerates of the Cajon For
mation (also incorrectly called the Punchbowl 
Formation, by many workers who make a false 
analogy with the type area of that unit at 
the Devil's Punchbowl). Note the steeper, 
more stable face maintained here as compared 
with the more gently dipping sandstones and 
shales to the south. 

(For close up views of landslide material 
in the large foliation-plane slides west of 
Blue Cut, turn left on Swarthout Canyon Road 
0.6 mi above San Andreas fault. cross Cajon 
Creek and a first set of railroad tracks. and 
turn left after crossing the second set of 
railway tracks onto a road along north side 
of tracks, at 0.9 mi from Cajon Blvd. After 
0.4 miles veer right on a road, which will 
cross through landslide debris. After a dis
tance of about 0.5 miles from the railway, 
road cuts expose the Pelona Schist cut by 
numerous slip planes both parallel and at 
small angles to layering. It is possible to 
continue on Swarthout Canyon Road to the 
first stop in Lone Pine Canyon or return to 
the old highway.) 

Lone Pine Canyon 

/f you chose not to view the landslide 
debris close up, continue on Cajon Blvd. to 
its junction with /-15. Take /-15 north to 
Highway 138, and 138 west to Lone Pine Canyon 
Road. Lone Pine Canyon Road is a left turn 
opposite Mormon Rocks, after Highway 138 dips 
beneath a railroad bridge. 

Notice the pattern of patches in Lone Pine 
Canyon Road; the majority have been applied 
to curves around the bedrock spurs, rather 
than the intervening gulleys. After unusual
ly wet seasons the road surface has been 
found to suffer cracks and bulges indicative 
of failure of the ridges, not the valley 
fill. 

Almost' immediately after turning right 
(northwest) into Lone Pine Canyon, stop at 
the junction of Lone Pine Canyon Road with 
Swarthout Canyon Road (3N28), which' is a 
prominent sign-posted dirt road on the left 
(Fig. 8). 

Lone Pine Canyon has developed along the 

HILL 5080 
3N31 

Sf 

\,( 
Figure 11. Oblique aerial view of side-hill 
trench on southwest flank of hill 5080. 

San Andreas fault zone (SAF in Fig. 8). It 
exposes a mixture of plutonic, gneissic, and 
marble basement rocks on the north, and the 
Pelona Schist on the south. Detritus from the 
easily erodible Pelona Schist has produced a 
pronounced lateral asymmetry to the valley. 
Note the debris-choked broad, flat-bottomed 
canyons tributary to Lone Pine Canyon (Fig. 
9). The differences in basement rocks also 
provides 'a nice contrast in both the number 
and types of landslides originating in the 
two basement rock types. 

Most of the north side of the ridge south 
of Lone Pine Canyon (Blue Ridge - Upper Lytle 
Creek Ridge) is underlain by a relatively 
high grade, upper greenschist to lower amph
iboli te facies, coarse-grained schist, loca t
ed between the Punchbowl (PBF) and San An
dreas (SAF) fault zones. Most of the schist 
is the muscovite-bearing variety; greenstone 
is also locally common. The foliation 
strikes almost parallel with the canyon, 
dipping southward into the ridge. From the 
lower part of Lone Pine Canyon, south of 
where Lone Pine Canyon road enters the can
yon, to the north end of the canyon, the low
er parts of virtually all ridges are land
slides. 

Again, the landsliding within the Pelon a 
Schist takes on atypical aspects. The distal 
part of nearly every ridge has moved by 
landsliding and/or deep rock creep (sagging), 
towards the floor of Lone Pine Canyon as well 
as laterally into inter-ridge canyons. This 
type of landsliding results in the formation 
of morphologically distinctive, blunt-nosed 
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lower ridges with flattened or trenched ridge 
tops, and common side hill trenches (Fig. 9). 
Some ridges are dominated by trenches with no 
expression of a landslide deposit. The tren
ches appear to form by lateral displacement, 
with backwards rotation, of ridge top 
material towards the free face of the inter
ridge canyons. Side hill trenches form where 
the head or scarp of the landslide is on the 
opposite side of the ridge from the toe of 
the landslide (Fig. 2). 

The abundance of side-hill and ridge-top 
trenches in such close proximity to the San 
Andreas suggests a causative relationship 
between this type of landslide and shaking 
from earthquakes. The side-hill and ridge
top trenches seem to be the result of 
repeated occurrences of shattered ridge tops. 
Shattering results from focusing energy near 
the top of a ridge during an earthquake. 
Shattered ridge tops have! now been described 
for a number of southern California earth
quakes (e.g. Castle and Youd, 1972; Oake
shott, 1975; Morton et aI., this volume). 

The following section describes a loop, 
via dirt roads, along the top of the south 
flank of the canyon and back to the Lone 
Pine Canyon Road. It shows the character of 
the top of a ridge in the Pelona Schist, 
describes landslides in the Lytle Creek 
drainage, and affords a better view of the 
north flank of Lone Pine Canyon. The state 
of the roads should be predicted from recent 
weather,' when dry they require only a 
moderately high clearance, not four-w.heel 
drive. If it is important to remain on paved 
roads and/or save time, continue northwest up 
Lone Pine Canyon road about 3.5 miles to the 
last major south- flank tributary below the 
Clyde Ranch Road (Figs. 8-10). Also skip the 
listings under "Lytle Creek Ridge". 

Lytle Creek Ridge (Figs. 8, 11-12). Take 
Swarthout Canyon Road (3N28) south 2 mi to 
the road 2N56 to Lytle Creek Ridge. Follow 
road 2N56 to the saddle on Lytle Creek 
Ridge, where it joins JN31. 

Most of the road cuts on 2N56 expose 
landslide material in the Pelona Schist. 
They may be examined for evidence of the 
mechanisms of slope failure and the earlier 
deformation and metamorphism. The failure 
surfaces here are mostly along the litho-
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logic layering-schistosity. Note that there 
is a recent small slump on the north side of 
the saddle. 

Note mileage at the intersection, as an 
origin for distance along the ridge. Turn 
right and take road 3N31 to the summit of 
Upper Lytle Creek ridge, and then north along 
the ridge top. At 0.8, 1.0, 1.6, and 2.4 
miles from the intersection the road has been 
engineered on an unfavorable slope by the use 
of cribs. 2.4 miles from the intersection is 
a hairpin bend and saddle. Park in the 
saddle, southeast of Hill 5080 (Figs. 8, 11 J. 

The Pelona Schist here has the same 
li thology and structure as on the hill west 
of Blue Cut, in the structural block between 
the San Jacinto fault zone and the Punchbowl 
fault zone. The strike of foliation is north
west and the prevailing dip northward. A 
prominen t side-hill trench is located on the 
south side of hill 5080 (Figs. 8, 11). The 
geometry of the trench rela ti ve to the hill 
suggests that this trench is probably not an 
expression of a "typical" sackung. In a 
"typical" sackung the trench would be inter
preted as a result of downslope movement on 
the south side of hill 5080. We interpret 
this side-hill trench to result from the slip 
surface at the head of a landslide moving 
northward which includes hill 5080. Thus, 
the upper part of hill 5080 has moved north
ward, perhaps along schistosity surfaces, 
prod ucing a pronounced trench along the 
southwestern side of the hill. Lack of evid
ence of any marginal or distal parts of the 
landslide on the north side of Hill 5080 
suggests considerable distortion of the Pel
ona Schist on the north side of hill 5080. 

Filling the canyon north of and east of 
hill 5080 is a good example of a flow-type 
landslide in the Pelona Schist. The morph
ology of this flow is suggestive of slow 
movement. One tenth of a mile farther along 
3N31 it is possible to look back and down to 
see more of the dissected distal part of this 
flow. 

Continue along 3N 31 around Hill 5080 and 
park at a dozer cut 3.0 miles from the 
intersection. Looking south into Lytle Creek, 
affords a good view back along the trench 
from its west end. Continue westward along 
3N31. 

Note the a bundan t landslide f ea tures in 
the morphology of the ridge-top as well as on 
the slopes to either side of the road. At 4.0 
miles the road crosses the Punchbowl fault -
a narrow zone containing materials that do 
not belong to the Pelona Schist. At 5.0 
miles there is a junction that offers a 
possible faster return to Lone Pine Canyon. 
In the foreground, to the left of the road is 
another side-hill trench. 

Continue with 3N31 along ridge crest. At 
2.9 miles a road cut exposes broken rock 
below an obvious, small, young scarp, which 
is still unobscured by vegetation. 

Park in the saddle on 3N31, 6.4 miles from 
the intersection with 2N56. This is a good 
vantage point into the North Fork of Lytle 
Creek (Fig. 12) and the opportunity to com
pare landslides in other basement types with 
those of the Pelona Schist. 

To the southwest, two side hill trenches 
are visible, easily seen with binoculars, on 
the north side of the ridge ex tending east 
from Mount San Antonio (also called "Baldy", 
or "Old Baldy") to Mount Harwood (Fig. 12; 
see also Fig. 2 in Morton, Sadler, and Min
nich, this volume, for a map of this ridge). 
Mount Harwood can be picked out by the prom
inent pattern of dikes exposed near its sum
mit. The trenches are immediately to the 
right (north) of this un vegetated face and 
rendered darker by vegetation. They are 
crown scarps of renewed landsliding in the 
source area of the Mount San Antonio aval
anche. The failed slope is moving south 
behind Mount Harwood. 

To the south is a good view of Coldwater 
Canyon, which heads at Telegraph Peak (elev
ation 8985 feet). A rapidly moving aval
anche, headed near the summit of Telegraph 
Peak, traveled a minimum distance of 4.5 km 
in a descent of 1000 m. to the North Fork of 
Lytle Creek. This avalanche is now dissected, 
and largely incorporated into a physiography 
not suggestive of its landslide origin. A 
closed depression and a recently breached 
closed depression are among the few remaining 
landslide features. A currently active (or 
perhaps by now, recently active) slow and 
discontinuously moving landslide crosses the 
Vincent thrust on the ridge east of Coldwater 
Canyon (Figs. 8, 12). 



At 7.0 miles (0.7 miles west of the over
view) the road 3N31 passes along a swell. A 
broad, shallow ridge-top trench (the top of a 
sackung) lies just to the right of the road. 
The more distant hill with a clearly visible 
dirt road is mostly a large landslide. 

At 8.0 miles 3N33 branches left into Lytle 
Creek. Stay on 3N31. Note ridge-top swale 
at 8.7 miles. Take lower road at 8.0 miles to 
descend back into Lone Pine Canyon. As the 
road descends along the north side of Lytle 
Creek ridge it crosses the Punchbowl fault 
zone with intensely deformed, light colored, 
gneissic rock at 8.2 miles. Farther down are 
good views across Lone Pine canyon to the 
relatively isolated slides on its north 
flank. At 10.0 miles a very obvious, young, 
vegetation-free slide can be seen in the 
Pelon a Schist on the opposite side of the 
tributary canyon into which 3N31 is descend
ing. Obvious as the scar may be, the deposit 
has very little landslide morphology that 
would be recognizable if it had a vegetation 
cover. 

At 11.8 miles, just before 3N31 enters the 
wash, a ridge-top trench descends almost to 
the floor of the canyon with a ridge to the 
left. A dip in the top of the thick brush is 
all that can be seen from the road; it mimics 
the ridge-top trench. At the junction with 
Lone Pine Canyon Road there is an isolated 
slide in the basement of the north flank. 

Turn right onto paved Lone Pine Canyon 
Road. Drive down canyon 1 mile. Park oppos
ite the first wide tributary canyon on south 
flank. below Clyde Ranch. 

Clyde Ranch (Figs. 8, 10). An interesting 
set of north trending scarps occurs in the 
alluvium on the south side of Lone Pine Can
yon in the side canyon below Clyde Ranch (CR, 
Fig. 8). These scarps are located on the 
south side of a small graben formed at a 
minor right-step in the San Andreas fault and 
may be the result of a lateral spread type of 
landsliding on the relatively gently sloping 
alluvial surface (Fig. 9). Alternatively the 
scarps may have formed in response to the 
ex tension in the right step or the depression 
(graben) may have created enough of a free 
face to enhance downslope movement producing 
the scarps. These scarps are most visible in 
either early morning or late evening light, 
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but appear quite subdued in midday light. 

Ridges on both sides of the scarp-crossed 
canyon are good examples of spreading ridges 
wi th bulbous snou ts and ridge top trenches 
(Fig. 10). 

Follow Lone Pine Canyon Road northwestward 
up-canyon toward Wrightwood. 

A good example of a landslide deposit pro
duced by a moderately fast moving flow
avalanche occupies a prominent hill near the 
road on its north side, 1.5 mi above Clyde 
Ranch (CR, Fig. 8). Note that the main bul
bous mass of the deposit protrudes out from 
the ridge front and has deflected the stream 
course. South of the road is another low 
ridge in the Pelona Schist that offers a good 
example of extensive lateral spreading of its 
lower parts and resultant ridge-top flatten
ing. 

Slover Canyon. The highest (westernmost) 
major tributary drainage on the south flank 
of Lone Pine Canyon is Slover Canyon; it 
contains remnants of a landslide deposit 
which largely filled the head ward part of the 
canyon. This landslide apparently had about 
the same dimensions as the Wright Mountain 
landslide, which occupies the upper part of 
Heath Creek Canyon in adjacent Swarthout 
Valley. 

Swarthout Valley 

Enter Swarthout Valley from the southeast 
on Lone Pine Canyon Road. (In the saddle, 
just before the Lone Pine Canyon road 
descends into Swarthout Valley, a short 
stretch of dirt road to the right leads to 
the head of Lone Pine Canyon and an excellent 
view of its asymmetry J. 

Swarthout Valley is a geologic contin
uation of Lone Pine Canyon but with a more 
pronounced asymmetry to its valley floor. 
Blue Ridge, on its south flank, is higher and 
receives more precipitation than Lytle Creek 
Ridge. Transport of debris, in large part 
by mudflows, from Blue Ridge on the south 
side of Swarthout Valley completely over
whelms the input of gneissic debris from the 
north side of the valley. In many places 
debris derived from the Pelona Schist forces 
Swarthout Creek, the main drainage down the 
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valley, against gneissic bedrock along the 
north side of the valley; yet gneIssIC 
de bris remains a su bordina te sediment type in 
the creek. 

From the east end of the valley the first 
three major drainages on Blue Ridge - Sheep 
Creek, Heath Creek, and Acorn Canyons - all 
contain varying amounts of landslide deposits 
(Fig. 13, and Morton and Campbell, this 
volume). 

Park near intersection of Sheep Creek and 
Lone Pine Canyon Road if possible. The cros
sing is a concrete road bed that is frequent
ly inundated with debris and mud from the 
Pelona Schist after rainstorms. In dry 
weather it is easy to examine the grey, mica
rich debris in the channel and levees. Holi
day Hill, north of Lone Pine Canyon road just 
west of Sheep Creek is composed of remnants 
of debris-flows and mudflows. 

Follow Lone Pine Canyon Road to its dead 
end. Lone Pine Canyon road is now terminated 
by a mud flow-flood control levee. The termin
us was once the site of an apple orchard. 
Prior to the spring of 1969 Lone Pine Canyon 
road continued uninterrupted northwestward to 
Highway 2. The levee is part of an attempt to 
divert mud flows from Heath Creek east of the 
older parts of Wrightwood. The diversion 
scheme began in response to major mud-flow 

Pine Mountain 

Figure 14. Landslides in the upper parts of 
Heath Canyon, 1975. 
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Older sli de slide Pine Mtn. 

Figure 15. Head of Heath Canyon, 1975. 

events of 1938. It was breached in 1941 and 
augmented during the 1960's. Accumulation of 
mudflow deposits during the spring of 1969 
required the creation of the levees in an 
a ttempt to protect parts of Wrightwood. 

Take Lone Pine Canyon Road back to Sheep 
Creek Road and proceed north, following the 
modern route to Highway 2, via Thrush Street 
crossing Heath Creek farther down-stream. 

After crossing Heath Creek, note that 
several houses on the left (south) side of 
the road are located on what appears to be 
sunken pads. When the houses were construct
ed they were on the alluvial surface. Rel
atively slow moving mudflows in 1965-66 sur
rounded several cabins to depths exceeding 
one meter, but generally resulting in little 
structural damage. Still wet mudflow debris 
was removed from around the houses, but not 
entire lots, thus producing the appearance of 
recessed building sites. Note the uniform 
small size of some tree stands in this neigh
borhood. 

Continue west on Thrush Street until it 
terminates against Oak Street and turn left 
(south). Take Oak Street to its southern 
end at the "flood" control levee and turn 
right (west) onto a rough, unimproved dirt 
road paralleling the flood control levee. 
Drive or walk, as circumstances dictate, to 
the mouth of Heath Creek. 
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Three tenths of a mile above the end of 
Oak Street the dirt road follows the course 
of the 1941 mudflow lobe. Stands of uni
formly small trees mark this deposit. A short 
distance up the canyon, above a locked gate, 
are the distal parts of the Wright Mountain 
landslide, which fills the upper reaches of 
Heath Creek Canyon. The canyon abruptly nar
rows at a slot cut in the relatively quartz
rich Pelon a Schist with common metachert 
layers. The pre-landslide canyon bottom was 
to the east of this bedrock narrows. The nar
rows is the prod uc:t of a superposed drainage 
developed along the lowest part of the can
yon after the canyon filling by the Wright 
Mountain landslide (Morton and Campbell, 
this volume). In most years mudflows produce 
well developed mud flow levees, usually both 
below and above the bedrock narrows. 

Retrace Oak Street north to Lone Pine 
Canyon Road and Highway 2. Continue north
west through town. A good view of the land
slide filling Heath Creek Canyon is obtained 

from across the highway at the school on the 
west side of Wrightwood. 

For a spectacular down-slope view of Heath 
Creek Canyon, the canyon-filling landslide, 
and chaotic debris resulting from recent 
landsliding, take Highway 2 westward out of 
town, beyond the Big Pines Ranger station. 
At a saddle, signposted as "Inspiration 
Point", approximately 1.5 miles west of the 
station, turn left onto the improved dirt 
road 3N06 that traces the crest of Blue Ridge 
to ski slopes and U.S. Forest Service Camp 
grounds. Note the mileage at the beginning 
of this road. The route that follows passes 
a u.s. Forest Service gate that we have found 
to be locked in winter but open at other 
times of the year. 

Blue Ridge (Figs. 13-16). 0.4 miles south
east from Inspiration Point, 3N06 crosses a 
rota tiona I landslide in the Pelona Schist. 
This slide has a disproportionately large 
closed depression for the size of the land-

Figure 16: Landslides on Pine Mountain as seen from Blue Ridge. 

PINE MOUNTAIN Exposed schistosi ty surfaces 



slide; the road 3N06 crosses the upper part 
of the deposit and skirts the south and east 
side of the closed depression. 

A pronounced low landslide scarp is on the 
sou th side of the road at Blue Ridge camp
ground, 2.4 miles from Highway 2. This scarp 
appears to be the head ward part of a land
slide moving southward, rather than the cres
tal part of a sackung. 

On clear days the drive to Heath Creek 
Canyon affords spectacular views of the 
Prairie Fork of the East Fork of San Gabriel 
Canyon, Mount San Antonio Peak, Mount Baden 
Powell with the Vincent thrust below it, and 
in very exceptional conditions, a view into 
the eastern part of the Los Angeles basin. 
At about 5 miles from the highway there are 
views of landslides on Pine Mountain. On the 
north side of Pine Mountain, located at the 
southeastern end of Prairie Fork, is a large, 
readily visible, foliation plane failure con
trolled by layering and schistosity in the 
Pelona Schist (Fig. 16). 

The exposed schist surfaces are in a large 
un vegetated scar that feeds a wide, grey, 
debris course, cut through the valley vegeta
tion. This foliation plane failure is in
cluded within a much larger, composite land
slide complex. The landslide complex includes 
both the north and northwest face of Pine 
Mountain and the eastern side of Pine Moun
tain in the Lytle Creek drainage. The best 
developed, classic sackungen we are a ware of 
in the San Gabriel Mountains are located on 
Pine Mountain Ridge one km west of Pine Moun
tain (Figs. 13, 16). These sackungen have 
well developed ridge-top trenches and very 
pronounced side-hill trenches. Some of the 
side-hill trenches have enough relief to be 
reflected by the pattern in the 40 foot con
tours on the Mount San Antonio 7.5-minute 
Quadrangle. However, our view facing the 
ridge side renders most trenches essentially 
indiscernible. One trench is so pronounced 
that it produces a saddle that can be seen 
even from our route and through tree cover 
(Fig. 16). 

At 5.6 miles take the upper road. 

At 5.8 miles, just south of the road, is a 
very pronounced ridge-top trench. Look for 
marker posts in the trench. We consider this 
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trench to be part of a typical sackung that 
has developed on a high-relief ridge in con
trast to the spreads and trenches on the low 
ridges in Lone Pine Canyon. 

The head ward part of Wright Mountain land
slide is at 6.5 miles from highway 2. A 
"parking area" is located on the left of the 
road a short distance from the landslide 
illustrated in figures 14 and 15. A short 
descent east of the parking area leads onto 
the top of the block which failed in 1969 
(Morton and Campbell, this volume); this 
block was connected to the ridge top in 1969. 
From this block the view is spectacular down 
the landslide debris to the bedrock gap and 
beyond to Wrightwood. At the far side of the 
barren headscarp is a sediment filled depres
sion. Part of this bedded fill can be seen 
in the slide block; it retains trees that 
show remarkably little disturbance from this 
distant viewpoint. 

Return to Highway 2, through Wrightwood to 
the junction with Highway 138. 

Highway 2 crosses Heath and Sheep Creeks 
just above their confluence below Wrightwood. 
A t both crossings the tex tural chaos of the 
debris derived from the Pelona Schist indic
ates the persistence of mudflows and highway 
engineering problems. As Highway 2 swings 
north, following the course of the creeks to 
the desert, the sediments can be seen to be 
still dominated by the dark gray Pelona 
Schist, but the rela ti vely size-sorted, len
ticular gravel bars, and the improved round
ing of the clasts indicates a net dominance 
of fluvial transport south of the San Andreas 
fault. The stream course is still artific
ially managed, however. The levee west of 
the road is faced with cemented sand bags. 

Blocks of the Pelona Schist more than one 
meter in diameter have been transported at 
least 20 miles downstream from Wrightwood 
and out onto the desert fan, although the 
mean grain size is much finer at this 
distance. 

The Sheep Creek fan is so dominated by 
clasts of Pelona Schist that its dark colour 
is evident on LANDSAT images as far north as 
Mirage Lake (about 30 km from the range 
front). On most remotely sensed images, the 
youngest fan surfaces are lightest, and the 
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bare mineral soil of active creeks is usually 
very light colored. The development of more 
mature soils and a vegetation cover progres
sively darkens the surface after it is aban
doned by stream flow. On Sheep Creek fan, 
however, the bare sediment has a dark gray 
color, while the older surfaces have a 
larger proportion of felsic rock fragments, 
from other sources. The highest reflectance 
seen on the fan is caused by crusts of 
aligned mica flakes left by standing water or 
very slow, shallow stream flow. 

At Highway 138 turn right and descend 
into Cajon Valley. 

Cajon Valley 

In Cajon Valley there are good examples of 
dissected landslide deposi ts tha t have been 
well integrated into a landscape without ob
vious landslide geomorphology. Large masses 
of marble and gneiss have failed catastroph
ically, apparently as rapidly moving avalan
ches from the ridge between Cajon Valley and 
Lone Pine Canyon. These deposits were spread 
out across the sedimentary rocks of the 
Cajon Formation. Subsequent erosion of the 
deposits results in scattered erosional rem
nants of the marble and gneiss resting curi
ously upon the sedimentary rocks (Fig. 17). 
The occurrence of these erosional remnants 
were accurately mapped and identified some 
time prior to 1933 by Levi Noble (unpublished 
map dated 1933). Some of the more marble
rich debris rem nan ts have been prospected as 
a marble resource, apparently in ignorance of 
their restricted thickness. A stop a bou t 
4 miles southeast of the intersection of 
Highways 2 and 38, near the historic marker, 
affords a good view of part of these land
slide remnants. Lighter materials are 
evident capping ridges west of the road. 

Continue on Highway 138 across Interstate 
15 and into Crowder canyon. 

Crowder Canyon 

About one mile east of the Interstate the 
road descends into Crowder Canyon, following 
the stream channel. Park to the right where 
the road climbs slightly to a water tank 1.2 
miles from 1-15. 

Crowder canyon is cut into gravels, sands 
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and weakly consolidated silts and clays of 
the Crowder Formation. One simple, 13-acre, 
slump-earth flow in this material can be seen 
to the south and will serve as a reminder of 
the classic morphology of failed slopes in 
weak, ductile materials. 
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ABSTRACT 

The San Antonio and San Gabriel Canyons of the San Gabriel Mountains 
contain several very large rock avalanche deposits. These rapid-moving 
slope failures were mobilized from bedrock sources. The deposits have been 
confined within canyons, and much of the canyon geomorphology is a result 
of blocking, reshaping and diversion by the landslides. 

INTRODUCTION 

Some of the largest and most spectacular 
landslides within the San Gabriel Mountains 
are easily visited via the paved roads in San 
Antonio Canyon and the North Fork of San 
Gabriel Canyon. Many of these landslides 
moved rapidly as avalanche-flows fhat extend
ed some distance from their source area. 
Confined within large canyons, these rock 
avalanches have a pronounced effect on the 
morphology of the host canyon as well as an 
impact on its erosional and depositional reg
imen. These landslides originated within a 
variety of crystalline rocks including 
Cretaceous and Permo-Triassic granitic rocks, 
amphibolite-grade schist and quartzite, horn
blende-and-biotite bearing gneiss, and 
mylonite. Smaller landslides in the canyons 
are mostly of simple slump character -- much 
more coherent and probably slower moving than 
the rock avalanches. Many of the larger 
landslides originated in some of the least 
weathered rock of the San Gabriel Mountains. 

We have selected several avalanches prim
arily to illustrate the variety of styles of 
disruption that they can inflict upon canyon 
morphology. The disruptions include simple 
canyon blockage (damming), relatively com-

plete reshaping of a head ward canyon reach, 
and a probable case of major stream capture 
resulting from a canyon filling avalanche. 
The range of landslide morphology is like
wise varied, ranging from relatively fresh, 
undissected deposits, to segmented deposits, 
to thoroughly dissected deposits. The selec
ted a valanches afford excellent examples of 
both upstream and downstream geomorphic and 
sedimentary consequences of the canyon block
ing deposits. We contrast the avalanches 
wi th other landslides to show how the size 
distribution and associated surface roughness 
of the slide deposits, which is related to 
the coherence of the sliding mass, influence 
the local distribution of vegetation. 

All of the rock avalanches are relative
ly old and partly dissected. Open to ques
tion is whether these landslides originated 
in a different climatic setting than that of 
today, or if climate change had little, if 
any, effect. Recorded annual precipi ta tion 
in the San Gabriel Mountains varies by as 
much as an order of magnitude; wetter sites 
such as the Mount Baldy area (Fig. 2) range 
from 25 to 250 cm annual precipitation. Short 
term precipitation may reach extreme amounts, 
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Figure 2. Landslides (stippled) in San An
tonio Canyon. Contours shown only on bedrock 
slopes. BB: Big Butch Wash. DC: Dry Lake Can
yon. CC: Cat Canyon. MF: Manker Flat alluvial 
cone. SAF: San Antonio Falls. 
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Figure 3. Basement rocks in a landslide over colluvium on Mt. Baldy Road. 

especially during frontal storms wit~ sub
tropical character. During the floods of 
January and February 1969, for example1 Mount 
Baldy notch received 228 cm in 45 days, 
136.4 cm in 9 days, and 50.8 cm in one day. 
Most of that precipitation wa~ rain, even to 
aIti- tudes of 3000 m. See 'Minnich, this 
volume, for a discussion of the relative 
effects of rain and snow. Not only do these 
extremes cast doubt on our ability to 
characterize the modern conditions, there is 
no compelling evidence that such wetter 
conditions are linked to large landslides. 
The influence of increased moisture on slope 
stability may be determined in theory, but 
the only certain linkage, in these canyons of 
igneous and metamorphic bedrock, is between 
precipitation and fluvial activity. The 
absence of young, very large landslides may 
merely be the re.suIt of a relatively long 
recurrence interval between very large land
slides compared to the time man has recorded 
events in the San Gabriel Mountains. 

Most of the soils in the eastern San Gab
riel Mountains are loose when dry. High soil 
porosity and permeability allow for deep 
water percolation, even during high intensity 

storms. Rice (1974) computed that in the San 
Dimas Experimental Forest only 2.5% of the 
precipitation falls at rates higher than the 
conductivity of the soil. Erosion from steep 
slopes is primarily by dry ravelling. Much of 
this debris reaches and clogs stream 
channels. Ravelling is accelerated after 
burns. During subsequent rains channel deb
ris is flushed, commonly catastrophically, 
in floods. This "scour-and-fill" or "clog
and-flush" process seems to be responsible 
for the maintenance of even, steep slopes, 
that are relatively devoid of small-scale 
tributary networks. 

FIELD GUIDE 

Proceed west from Riverside or San Bernar
dino on freeways 10 or 60. Take Euclid Ave. 
north from /-10 at Ontario (Fig. 1). Moun
tain and Central are other off-ramps from 
/-10 leading north to San Antonio Canyon. 
Follow Euclid west through San Antonio 
Heights and then north past San Antonio dam 
into San Antonio Canyon. This section of the 
road is variously labelled 2NOl, Camp Baldy 
Road and Shinn St. About 1.5 miles up canyon 
this road makes a hairpin turn across the 



canyon and descends along the right bank to 
Jom Mt. Baldy Road (3N01). Note mileage at 
this intersection and turn north (up canyon). 

San Antonio Canyon 

North-trending San Antonio Canyon is dev
eloped along a series of north-northeast 
striking faults, most of which have left slip 
and dip moderately to the' west and northwest. 
Rapid canyon deepening, following the rapid 
uplift of the eastern San Gabriel Mountains, 
resulted in high steep slopes underlain main
ly by very fractured, landslide prone-rock. 

The first landslide deposit of some inter
est is encountered in a roadcut 1.5 miles 
north of the intersection of 2N01 with Mt. 
Baldy Road (Figs. 2,3). near Cat Canyon. 
Parking space may be found just before the 
road narrows between two roadcut faces. 

The roadcut on the north side of Cat Can
yon is in a dissected landslide deposit that 
overlies colluvial debris (Fig. 3). Note 
tha t the basement rock of the landslide dep
osit is relatively coherent compared to the 
in situ basement seen in . other road cuts in 
the canyon. This landslide deposit is integ
rated within the "normal" physiography of the 
canyon. Its presence would be easily over-
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looked were it not for the roadcut through 
the deposit. 

Continuing upstream to Dry Lake Canyon, 
notice that the precipitous, unstable nature 
of the canyon walls has required construction 
of two tunnels to contain the road. Dry 
Lake Canyon is named for a landslide 
depression at the head of the canyon. 

0.4 miles north of the second tunnel is a 
pull-out where an old road. with metal gate. 
descends into the canyon bottom. Stop here. 
or a short distance to the north in a second 
parking area where there is a plaque commem
orating the development of hydroelectric 
power from San Antonio Creek. 

:Hogback Landslide (Figs. 2, 4, and 5). 
Seen to the northeast up canyon from the 
parking area is the obvious blockage of the 
canyon by the relatively youthful, intact 
Hogback landslide (Fig. 4). The Hogback 
landslide originated near the ridge crest on 
the west I side of the canyon. It blocked 
(dammed) the canyon causing alluvial accumul
ation up canyon. The low point for breaching 
the landslide dam, and re-establishment of 
the drainage, was near the east side of the 
landslide deposit. The deposit was breached 
where a relatively thin accumulation of 

HOGBACK SLIDE 

Antonio 
Creel( 

Figure 4: 
View of Hogback slide from the south 
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de bris rested on basement rocks of the east 
side of the canyon. After rapid incIsIon 
through the thin landslide de bris, the 
stream encountered relatively fresh gneissic 
rock. Reesta blishmen t of the drainage has 
resul ted in the cutting of a deep, narrow 
gorge, in to gneissic bedrock and partial re
moval of the impounded sediment which had 
accumulated behind the dam. Figure 5 is a 
view of the distal end of the deposit looking 
downslope. 

The Hogback landslide contains an unusual 
vegetation association that can be attributed 
to land sliding. The gently sloping crest of 
the slide is covered with an open stand of 
bigcone Douglas fir (Pseudotsuga macrocarpa), 
a long-lived tree that grows in the chapar
ral zone, characterized by frequent (about 
every 40 years) intense fires. Trees normal
ly survive in canyons and on cliffs where 
chaparral cover is limited and discontinuous. 
Chaparral establishment is also limited on 
coarse landslide debris, and the period bet
ween intense fires is long enough to permit 
development of a forest. The rubble also en
courages the establishment of canyon live oak 
(Quercus chrysolepis), which grows on steep 
well-drained slopes throughout the range, 
but rarely on southern exposures at such low 
latitudes. Bigcone Douglas fir and (~anyon 
li ve oak cover un usuall y exposed, low
altitude sites in most of the rubbly rock
a valanche deposits described in this guide. 

Continue upcanyon. After 3NOI passes over 
the crest of the landslide, turn sharply 
right into a parking area; park here, or 
proceed on the dirt road (Mountain Avenue) 
towards the east side of the canyon and park 
near a roadcut that exposes sandy to bouldery 
sediment that had been ponded behind the 
landslide. 

A short walk on the dirt road to San An
tonio Creek affords a good view of the newly 
formed, narrow gorge. Near the east side of 
the canyon note the dissected ponded sedi
ments including relatively fine-grained and 
contorted beds. Note that the relatively 
flat canyon floor upstream still has exten
sive sediments ponded behind the landslide 
and ultimately to be removed as the canyon 
drainage is re-established (Fig. 5). 

North of the Hogback landslide is a much 

larger, dissected landslide deposit, termed 
the Cow Canyon landslide. From about 0.2 mi 
north of the Hogback landslide to Mt Baldy 
Village the road is on this landslide and 
crosses back into the deposit on the east 
side of the canyon. 

Continue through Mount Baldy Village. 
After viewing the Mount San Antonio landslide 
up canyon, we will return to a better vantage 
point to appreciate the Cow Canyon landslide. 
Park on wide shoulder in open section of 
canyon 1.0 mile above village, and below road 
bridge. 

Mount San Antonio Landslide (Fig. 2). 
There is a good view of the distal part of 
the Mount San Antonio landslide; the road 
switchbacks farther up canyon are all within 
landslide debris. The canyon leads to the 
source of the landslide debris on Mount San 
Antonio to the left and about 800 m upslope 
from the distal debris. 

Continue up-canyon through the switch
backs, where parking is rarely feasible. 
Park about 0.4 miles above the last switch
back, where the road dips and there is enough 
space east of the road. 

The roadcuts below expose coarse, angular 
landslide debris, largely consisting of tona
litic rock, derived from high on the south 
side of Mount San Antonio. North of the last 
switchback the recently cut canyon of Manker 
Creek, affords excellent exposures of the 
landslide debris. Below and to the west of 
the road, there are very steep, fresh incis
ions into the debris. Note the precarious 
nature of cabin sites on this material. 

Drive a short distance farther up canyon 
and park opposite the Snow Crest Lodge for 
good views of the south side of Mount San 
Antonio, the place of origin of the land
slide. 

In the summit area of Mount San Antonio is 
a set of prominent landslide scarps which 
extend 1300 m south of the peak and 1000 m to 
the east (Fig. 2). These scarps provide a 
good example of a landslide slip surface that 
is partly on the side of the ridge that is 
sliding and partly behind the ridge. Side
hill trenches are produced where the slip 
surface is behind the ridge that is sliding. 
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HOG BACK SLIDE 
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Figure 5. View north from Cow Canyon Saddle, into San Antonio Canyon. 

The scarps to the east are mainly on the 
north side of the ridge extending east to 
Mount Harwood and form pronounced side-hill 
trenches. Considering the total geometry of 
the head ward part of the landslide, we do not 
in terpret the side-hill trenches to be the 
head ward part of a sag or sackung (see guide 
to Lone Pine Canyon, Morton and Sadler, this 
volume) indicative of deep creep on the same 
side of the ridge. The youthfulness of these 
scarps suggest they have developed subsequent 
to the Mount San Antonio landslide deposit in 
the canyon. They probably represent renewed 
landsliding in the over-steepened crown 
area of the older Mount San Antonio land
slide. The youthful appearance of the scarps 
suggests recently active landsliding. Rock 
slides are still common. 

The elevation difference between the sum
mit area of Mount San Antonio, the headward 
part of the landslide, and the distal part, 
just above Icehouse Canyon, is nearly 1700 m 
over a distanc~ of about 4.5 km. The lack 
of debris remnants on the west side of the 
canyon near the dis~al parts of the deposit, 
suggests tha t debris probably never reached 
as high on the west as on the east side of 
the canyon. We interpret this to mean that 
the momentum of the rapidly moving Mount San 
Antonio landslide was sufficient to bank 

debris on the east side of the canyon. The 
resultant asymmetry is probably the reason 
that San Antonio Creek was able to re-estab
lish its course along the west side of the 
canyon. We also have not seen much landslide 
debris above San Antonio Falls, suggesting 
that little of the deposit ever existed 
above Manker Flat. All these features indic
ate a very rapidly moving, catastrophic type 
of failure, quite unlike large landslides 
within the nearby Pelon a Schist (compare 
slides described in guide to Lone Pine Canyon 
and Swarthout Valley; Morton and Sadler, this 
volume). 

Note the occurrence of open chaparral, 
mostly mountain mahogany (Cercocarpus betul
oides), bigcone Douglas fir, and canyon live 
oak in the rubble along the switchbacks, 
similar to the Hogback slide. Comparably ex
posed sites above the slide are still covered 
by chaparral, despite the higher altitudes. 

FoUow the road a short distance farther 
across Manker Flats and turn around where -the 
road has a locked gate. 

On Manker Flat .alluvial debris from Manker 
Creek and Big Butch Creek covers the upper 
surface of the landslide deposit. Debris 
from rock falls and slides off the precipit-
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ous north face of Thunder Mountain Ridge has 
accumulated as a steep cone at the base of 
Big Butch Wash (Fig. 2). Stream flow suffic
ient to cause sedimentation on the cone oc
curs only during extreme flood episodes. 
Removal of talus from the toe by flood water 
maintains these slopes at or above their 
angle of repose, and encourages con tin ued 
sliding and rock-fall. A wait of only 15 
minutes will often suffice to see slope 
movement. 

The influence of individual storm events 
on the sculpturing of the main water course 
at the base of Thunder Mountain ridge appears 
capricious at first sight. It can be under
stood in terms of the availability of talus 
debris upstream, which is a function of time 
since the previous event and the relative 
size of that storm. The first major storm 
and flood (62 cm in 10 days) in 27 years 
occurred in November 1965. The flood waters 
carried an enormous sediment load, derived 
by undermining the talus accumulations of 
the preceeding decades; stream action along 
the channel was dominantly depositional. In 
the storm of December 1966 (60 cm in 4 days) 
there was extensive down-cutting in th(~ chan
nel: the previous flood had removed much of 

~ landslide in Cow Canyon Saddle 

10 km 
= 

the talus load available upstream. During 
the 1969 floods the flow competence was much 
greater, but fluvial action at the base of 
Thunder Mountain ridge was depositional. The 
higher flood waters were able to entrain up
stream debris that had not been reached in 
the storm of December 1966. 

Several talus slopes on Thunder Mountain 
Ridge have narrow, U-shaped, leveed gullies. 
The gullies formed by debris flows during the 
intense summer thundershowers of July 29,1968 
and August 1984. The debris flows began at 
rocky catchments near the ridgeline, from 
which waters infiltrated the rocky soils 
above snow avalanche chutes. Stream load and 
soil permeability were both high, so 
debris-flows mobilized as surges. The levee 
crests have wavy longitudinal profiles that 
identify distinct flow events in the adjacent 
channel. 

Fine soil materials transported in the 
debris flows encourage the establishment of a 
higher density of conifers along the zones of 
debris flow than in the talus. At the base 
of the debris-flow gullies there is a debris 
fan that has steep margins and consists of a 
concrete-like mix of rocks and fines. 

N 

Figure 6: Drainage network of the San Gabriel River (heavier lines), with 
the addition of uppermost San Antonio Canyon. The two drainages are linked 
as if once connected through Cow Can yon saddle. Box: the area of figure 2. 



Figure 7: Longitudinal sections of San 
Antonio Canyon and Cow Canyon, from U.S.G.S 
7.5 minute quadrangles. 
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The 1968 thunderstorm generated several 
hundred leveed gullies along talus zones 
between On tario Peak and Mount San Antonio. 
Most have subsequently degraded or disappear
ed due to rock slides. The largest gulley 
(10 m wide, 5 m deep) traced the floor of 
Cedar Canyon from western Telegraph Peak, 
where the 1968 storm was apparently centered. 

Retrace the route back to Mount Baldy Vi/
lage and take Glendora Ridge Road (2N08) from 
the village west to Cow Canyon saddle and 
park in the turnout that looks west into Cow 
Canyon. For the best overview of the Cow 
Canyon landslide and the younger Hogback 
slide, walk back along the 2N08 a few yards 
to the east edge of the saddle. 

Cow Canyon Landslide (Figs. 2, 5-7). From 
the east end of Glendora Ridge Road, at Mt. 
Baldy Road, to Cow Canyon Saddle the road is 
within debris of the Cow Canyon landslide. A 
short distance ~ast of the parking area on 
Glendora Ridge Road is a good vantage point 
for both the medial and head ward parts of Cow 
Canyon landslide and a downstream view of the 
Hogback landslide (Fig. 4). 

The Cow Canyon landslide originated high 
on the east side of San Antonio Canyon near 
the crest of Ontario Ridge. The landslide 

may be composite, consisting of a northern 
branch originating in Cherry Canyon and a 
southern branch originating in Kerkhoff Can
yon. Abundant quartzite in the deposit indi
cates the source had to be from this part of 
Ontario ridge. The quartzite clasts are ap
parent in the road cuts at the saddle. An 
enormous slab of quartzite on the hillside 
below the vantage point testifies to the 
considerable transport capability of this 
rock avalanche. Slide debris extends below 
the vantage point to the Mt. Baldy road. The 
apparent thickness of landslide debris on the 
east side of Cow Canyon Saddle is 300 m. 

'Vet sites at the base of the slide to the 
east of San Antonio Creek support verdant 
stands of California bay trees (Umbellularia 
californica). 

The physiography of San Antonio and Cow 
Canyons prior to movement of the Cow Canyon 
landslide is ambiguous. A low divide, now 
covered by landslide debris., at· Cow Canyon 

.Saddle may have separated Cow.Canyon from San 
Antonio Canyon. Alternatively the modern head 
of San Antonio Canyon, above the landslide, 
may be the former head of Cow Canyon; in this 
case a low divide, would have stood between 
the two canyons, only to be removed by 
subsequent erosion. 
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CLOUIJBURST CANYON SliOE 

Rockbound eyn. South Mt. Hawkins 

Mt. Hawkins 
l 

Figure 9. View of Cloudburst Canyon landslide deposit from Highway 39 
south of the distal part of the Alpine Canyon landslide deposit. 
Stipple: landslides described in the text. 

We prefer the second interpretation: that 
part of San Antonio Canyon above the land
slide was originally the headwater of Cow 
Canyon, but has subsequently been captured by 
he'adward erosion of San Antonio Canyon 
through the slide debris. This seems to be 
the simpler alternative, as it does not 
require that the slide left its canyon of 
OrIgIn across a pre-existing bedrock saddle. 
On ~he other hand, it requires subsequent 
canyon cutting to erode bedrock. At least 
the Hogback landslide illustrates how this 
migh t progress. 

We offer two geomorphic analyses that may 
help resolve the ambiguity. Long profiles of 
San Antonio Canyon and Cow Canyon (Fig. 7) 
indicate that San Antonio Canyon above the 
Cow Canyon landslide has a suitable gradient 
to have been the extension of Cow Canyon 
prior to the landslide. 

Figure 6 shows the drainage network of the 
San Gabriel River. Notice that the river has 
carved a deep east-west valley along fault 
traces on the north side of Glendora Ridge. 
San Antonio Canyon is anomalous; it is the 
only other canyon to have cut back northward 
across this ridge, but has no comparable 
east-west development. This drainage pattern 
is consistent with the view that San Antonio 
Canyon breached the Glendora Ridge divide 
after the Cow Canyon landslide had truncated 
the upper reaches of Cow Canyon, thus reduc
ing the rate of degradation of the ridge from 
the north. Of course, these rather simplis-

tic analyses are permissive but not definit
ive evidence. 

Comparison of Cow Canyon landslide with 
some other large avalanche deposits suggests 
thatr the terminal part may originally have 
been bulbous, and that the topographically 
lowest point on the axis of the deposit may 
have been behind the terminus. Breaching the 
landslide dam in the topographic low point 
would then affect the connection between the 
upper part of Cow Canyon and the head ward 
extc~nsion of San Antonio Canyon. 

The alternative interpretation is that the 
fast moving avalanche descended across San 
Antonio Canyon, somewhat fortuitously oppos
ite a low saddle at the head of Cow Canyon; 
overrode that saddle, and descended into the 
head of Cow Canyon. Whatever volume of mat
erial failed to ride over the saddle and 
continued down San Antonio Canyon is no 
longer evident. This absence must be ex
plailned by subsequent erosion. 

A walk back to the west side of the park
ing area affords a good view down Cow Canyon 
to the hummocky ground of the distal part of 
the landslide deposit~ which extends about 
1000 Iil west of the saddle., The elevation 
difference between the toe and the source 
area of the landslide was at least 1.5 km 
over a travel distance of 4.5 km. 

Drive west on Glendora Ridge Road (2N03). 
Notice the crib walls used to stabilize the 
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slope and road bed. To the nor'th Cow Canyon 
enters Cattle Canyon; to the south lies the 
San Dimas Experimental Forest, where sediment 
yield and the fire-flood cycle have been 
studied. 

After about 9.0 miles the Glendora Ridge 
Road meets the Glendora Mountain Road. Turn 
sharply right and follow this road north into 
Cattle Canyon and the East Fork of San Gab
riel Canyon. At the canyon bottom take the 
left (west) turn and continue to the junc
tion with the San Gabriel Canyon Road (39). 
Turn right (north) and proceed up the North 
Fork of San Gabriel Canyon on state highway 
39. Notice that the rock slope at North 
Fork bridge has been faced with shotcrete to 
prevent failure. 

San Gabriel Canyon 

The largest landslide we have recognized 
in the San Gabriel Mountains is the Crystal 
Lake landslide; two smaller landslides far
ther down San Gabriel Canyon are also of in
terest: the Alpine Canyon and Cloudburst 
Canyon landslides (Fig. 8). 

Continue up State Highway 39 along the 
west bank of the North Fork. After about 3 
miles (5 km), the road turns due north. Park 
on the right at an old road where there is a 
clear view up canyon. 

Alpine Canyon Landslide (Figs. 8-10). The 
distal part of the avalanche deposit filling 
much of Alpine Canyon is visible from high
way 39 to the south (Fig. 9). This avalanche 
headed near the summit of South Mount Hawkins 
and descended the length of Alpine Canyon to 
cross and block the North Fork San Gabriel 
River. The length of this relatively narrow 
landslide (less than about 800 m wide) was 
about 4.5 km (Fig. 8); there is a 1.5 km ele
vation difference between the source area and 
the toe. The North Fork of the San Gabriel 
River has breached the deposit and re-estab
lished a drainage course through its lower 
part. Alpine Creek also has are-established 
course cut into the debris (Fig. 9). The 
debris can be seen in road cuts up canyon 
where Highway 39 foHows a serpentine course 
across the slide. The rockier portions of 
the slide are lined with groves of bigcone 
Douglas fir. 

Continue up canyon on State Highway 39 as 
it crosses to the east side of the canyon 
and then makes two long hairpin curves back 
across the canyon and up onto the Alpine 
Canyon landslide. As the highway begins to 
descend back to the canyon, there is a broad 
shoulder on the left (west) side and a gate 
across an abandoned section of road construc
tion (southern dot on Fig. 8). Park here for 
a view across San Gabriel Canyon to the up
per portions of the Alpine Canyon Landslide 

South Mt. Hawkins ALPINE CANYON SLIDE 
CLOUDBURST CYN. SLIDE Pigeon Ridge -----

Figul'e 10: View into Alpine Canyon from Highway 39, where it crosses the 
distal part of the Alpine Canyon slide. Stipple: slides described in text. 
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Figure 11. Transverse sections of the Cry
stal Lake slide (1, 2) and the unmodified 
valley to the south (3). The section lines 
are shown (dashes) on figure 8. 

and the smaller Cloudburst Canyon Landslide 
to the northeast (Fig. 10). 

Cloudburst Canyon Landslide (Figs. 8-10). 
The canyon north of Alpine Canyon, Cloudburst 
Canyon, is partly filled with a landslide 
deposit considerably smaller than that from 
Alpine Canyon (Fig. 7). Re-establishment of 
the drainage in Cloudburst Canyon has been 
achieved on both sides of the avalanche deb
ris (Fig. 9). This suggests that the initial 
deposit had a convex upper surface and was 
positioned neatly in the central part of the 
pre-landslide canyon. Erosion of the marginal 
parts of the deposit has resulted in a pro
nounc;ed case .of inverted topography by leav
ing a debris ridge in the canyon axis where a 
channel would be expected. Bigcone Douglas 
fir again follows the slide, while chaparral 
domina tes surrounding slopes. 

Follow Highway 39 farther up San Gabriel 
Canyon through the switchbacks that climb the 
wall of debris at the nose of the Crystal 
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Lake landslide (Fig. 8). 

Crystal Lake Landslide (Figs. 8, 11, 12). 
The North Fork of San Gabriel Canyon abruptly 
ends in an impressive wall of debris, the 
distal part of the Crystal Lake landslide. 
For a distance up-canyon of over 5 km the 
canyon morphology is greatly modified by this 
landslide (Fig. 11). The debris filling has 
created extensive areas of low relief, such 
as Pine Flats. 

The Crystal Lake landslide originated in 
the area between Mount Islip and Mount Hawk
ins. The deposit still has a distinct later
al ridge at its west margin, and shorter 
ridges remain elsewhere. Based on the sur
face morphology of the landslide debris, the 
avalanche-flow appears to have had a westward 
component to its movem(:nt, resulting in high
er banking of the deposit on the west side 
of the canyon than on the east. The distance 
between the source area and the toe of the 
deposit is 6 km, with an elevation difference 
of 1.7 km. We estimate the volume of the 
deposit to be well over 600 million cubic 
meters. 

The unusual physiography produced by this 
avalanche deposit was noted long ago. The 
earliest published account of the abnormal 
topography known to us is by W. J. Miller in 
1926. Miller was a long time student of the 
geology of New York state; he tried to ex
plain the canyon form in terms of glaciation. 

Figure 12. Miller's (1926) interpretation of 
the Crystal Lake slide as a glacial deposit. 
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He described several morphological aspects 
of the landslide deposit as glacial feat
ures, including both lateral and recessional 
moraines (Fig. 12). He considered the deb
ris ridges east and north of Crystal Lake to 
be lateral moraines. Apparently, the land
slide origin of the physiography had been 
correctly deduced some time prior to 1926 by 
several local geologists including J. P. 
Buwalda and A. O. Woodford (pers. comm., A. 
O. Woodford, 1965), who failed to convince 
Miller that the debris was a landslide dep
osit. Miller's (1926) paper may be the first 
detailed description, albeit incorrectly 
identified, of a landslide deposit in the San 
Ga briel Moun tains. 

Along the length of the deposit there are 
several major topographic steps. The most 
pronounced step is topped by the bench-like 
area, which includes two closed depressions, 
above the lower set of switchbacks (Falling 
Springs area). This physiography suggests 
this landslide may be composite, consisting 
of at least two major avalanche deposits. If 
it does consist principally of two land
slides, the older more extensive landslide, 
with a 330 m riser at its snout, extends 
a bou t 1,300 m beyond the younger landslide 
deposit. The deposit of this older slide 
extends from elevation 1200 m to 1560 m. The 
younger landslide deposit, also with a 330 m 
riser at its snout, lies at elevations great
er than 1560 m. Crystal Lake and the adjac
ent dry closed depression would have been 
formed by the younger landslide. 

Highway 39 switches back and forth across 
the distal part of the landslide deposit pas
sing through a number of road cuts with good 
exposures of the granitic debris constituting 
the deposit. Note the sorted, bed-like lay
ering exposed in some of the cuts. Gabions 
support an embankment near Falling Springs; 
ribbed steel walls are used farther up the 
road. At the upper surface of the deposit 
the highway enters a gentle undulating sur
face termed Pine Flats. Much of the northern 
part of the upper surface of the landslide 
debris is covered by a thin alluvial accumul
ation. 

The more coherent lower slopes of Crystal 
Lake slide are covered with chaparral, al
though the dissected margins are lined with 
groves of bigcone Douglas fir. Springs that 

emerge from the slide support forest galler
ies of incense cedar (Calocedrus decurrens). 
Recent alluvial flats at depressions in the 
upper slide surface are covered by stands of 
Ponderosa pine (Pinus ponderosa), Jeffrey 
pine (Pinus jeffreyi) and white fir (Abies 
concolor) at unusually low altitude. These 
members of the mixed conifer forest normally 
occur in a regime of frequent ground fires 
(20-40 year recurrence). They cannot per
sist down into the chaparral belt where fires 
are typically in tense. On these flats the 
chaparral is discouraged by poor drainage and 
long-Ii ved trees can colonize. Bigcone 
Douglas fir occurs east of the flat. 

Follow U.S. Forest Service signs to the 
Crystal Lake parking area. A short walk 
leads to Crystal Lake; a closed depression 
formed by damming a pre-landslide tributary 
to the North Fork San Gabriel River. The 
ridge south of the parking area and east of 
Crystal Lake was interpreted by Miller (I 926) 
as a lateral moraine. A second closed de
pression lies over the low ridge south of 
Crystal Lake. 

The visitor complex at Pine Flats includes 
food sales, picnic tables, etc. The inform
ation center is typically closed on weekdays. 
Retrace the route down the landslide and 
continue down canyon on Highway 39 towards 
Azusa. The road follows the right bank of 
the river, where it is now dammed to produce 
San Gabriel Reservoir and Morris Reservoir. 
In many places the road is given a stable 
slope by means of retaining walls. Below 
Morris Reservoir about 0.25 miles below the 
place where the road crosses to the left 
(southeast) bank of the San Gabriel River, 
park on wide shoulder opposite springs (damp 
rock sur face, carbonate deposition, and reed
like native orchids) at the foot of the can
yon walls. 

The slip surface of a landslide is exposed 
adjacent to the road. Although a relatively 
small landslide, in tonalitic rock, the land
slide movement was sufficient to produce a 
clay-rich slip surface, which is exposed as a 
near horizontal zone on the face of the road 
cut. There is sufficient clay to retard the 
downward flow of water and a line of small 
springs emerges just above the slip surface. 

Exit canyon and proceed south to connect 



with freeway system (210, 10 or 60) via San 
Gabriel Avenue (one-way, south-bound only) 
and Azusa Avenue (north-bound only, north of 
210 freeway). 
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ABSTRACT 

Landlslides flanking the northeastern Peninsular Ranges and in the San 
Gorgonio Pass area are extremely varied and, on first consideration, lack 
any unifying character. The host material for the landslides is likewise 
varied; iIllcluded are landslides in Quaternary alluvium, Quaternary fan
glomerate, Pleistocene fanglomerate, Pleistocene sandstone, Cretaceous 
granitic rock, and pre-Cretaceous metamorphic rocks. Many of these slides 
lack morphologic features that are "typical" for landslides; others occur 
in a setting where landslide origin may not be anticipated. In spite of 
their great heterogeneity these landslides nearly all lack the physical 
confinement that occurs within mountainous canyons. The distal parts 
commonly reach a surface of low relief, and more gradual geomorphic change, 
where they are slowly modified. Where distal parts of landslides extend 
onto a rapidly aggrading basin floor their form is obscured by deposition 
over, rather than by erosion of, part of the landslide. 

INTRODUCTION 

This field guide describes some landslides 
that occur on the flanks of the northeastern 
Peninsular Ranges and in the San Gorgonio 
Pass area. The flanks of this upland and 
mountainous terrain typically lack any phys
ical confinement for the landslide deposits. 
Thus these landslides largely contrast with 
the confined, canyon-filling, rock-avalanche 
deposits of the eastern San Gabriel Mountains 
(Morton, Sadler and Minnich, this volume). 
While the rock avalanche deposits in the 
eastern San Gabriel Mountains are all relat
ively similar, the landslides described here
in are extremely varied. They include small 
rotational slumps, large slump-flows, large 
bedding-plane slides, lateral spreads, nas
cent earthquake-generated landslides, and 
large avalanche-flows. The host material for 
the landslides is likewise varied; included 
are landslides in Quaternary alluvium, Quat
ernary fanglomera te, Pleistocene fanglomerate 
and sandstone, Cretaceous granitic rocks, 
and pre-Cretaceous metamorphic rocks. Some 
of the landslides lack those morphological 
features commonly considered "typical" for 

landslides; others occur in a setting where 
landslide origin may not be anticipated. 

The distal parts of landslides that orig
inate on the flanks of a highland commonly 
reach a surface of low relief where they are 
slowly modified. In this setting the distal 
part of the landslide is a positive geomor
phic element resting on a surface, either 
aggradational or degradational, and is clear
ly in disequilibrium with its present set
ting. The rate of landslide modification can 
be remarkably slow where the deposit rests on 
a low slope in a relatively arid environment. 
The distal parts may retain an essentially 
intact landslide morphology over a long per
iod of time. Landslides on the north side 
of San Gorgonio Pass, the Martinez Mountain 
landslide, and the Blackhawk landslide (Sad
ler and Morton, this volume) are such 
examples. 

A far less common, and frequently unrecog
nized, geomorphic situation arises where the 
landslides extend onto a rapidly aggrading 
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Figure 1. Route and location map. Map coverage of later figures shown by labelled 
rectangles. 
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basin floor. Their form is obscured by dep
osition over, rather than by erosion of, part 
of the landslide. The rate of modification 
of the distal parts of landslides in a rapid
ly aggrading setting is comparable to the 
rate of erosional modification in an equival
en t, degrada tional, high energy setting. The 
distal parts of the large landslides loc
ated on the north side of the San Jacinto 
graben are in such a geomorphic setting. 
Monolithologic debris-flow deposits intercal
ated within Pliocene-age San Timoteo Badlands 
sediments are examples of exhumed landslide 
deposits formed in such a setting. 

FIELD GUIDI: 

Begin at the San Bernardino County Museum 
near the California Street offramp from /-10 
in Redlands (Fig. 1). Take California Street 
south to Barton Road; proceed left (east) on 
Barton Road to San Timoteo Road; turn right 
(south) onto San Timoteo Road and continue to 
the canyon mouth. 

San Timoteo Canyon 

About one mile south of Barton Road on San 
Timoteo Canyon Road is a parking area on the 
right, nearly opposite the Fern Street ent
rance to Redlands Community hospital (Fig. 
2). 

Canyon Mouth (Fig. 2). A number of slumps 
are present on the north side of the hill at 
the west side of the mouth of San Timoteo 
Can yon. They can be seen over the top of the 
citrus grove south-southwest of the parking 
area. These are among the few "typical" 
landslides seen along this route. The mater
ial underlying the hill is the Pliocene and 
(or) Pleistocene San Timoteo Formation; here 
a sequence of gently north dipping, coarse
grained, sand y and conglomera tic beds crop 
out. The hill is capped with a reddish-brown 
Pleistocene soil. The head ward parts of 
most of the drainages are filled with slump 
deposits, which incr.ease in volume propor
tionally with the size of the head ward part 
of the drainage. There is a remarkable simi
larity in both the physiographic setting and 
the morphology of these landslides with land
slides in the folia ted Pelona Schist of the 
Shandin Hills, near San Bernardino (Morton 
and Sadler, this volume). 

Continue up San Timoteo Canyon about 3 
miles to Live Oak Canyon (Fig. 2). Go up 
Live Oak Canyon about one mile to a wide road 
shoulder opposite an archway entrance label
led "Las Flores". 

Live Oak Canyon (Fig. 3). The north side 
of the ridge south of Live Oak Canyon is a 
composite, bedding plane-type landslide, 3 km 
in width. The west limit is almost at the 
mouth of the canyon; beyond the east limit of 
the slide the ridge flank assumes a steep, 
rilled character. The bedrock material under
lying the ridge, and comprising the land
slide, is the San Timoteo Formation. This 
old landslide is eroded to such an extent 
that its original morphology is considerably 
altered into much subdued landslide topo
graphy. 

The bedding here strikes essentially para
llel to the canyon and dips 10-20 degrees to 
the north. Note the asymmetry of Live Oak 
Canyon: the relatively steep antidip slopes 
on the north side are essentially free of 
landslides, while the gentle dip slopes on 
the south are domina ted by slides. The 
combination of the rather subdued landslide 
morphology and the large size of the land
slide complex on the south side make it rel
atively easy to overlook. 

Figure 2: Landslides (stippled) in sedi
mentary rock slopes (contoured) near the 
mouth of San Timoteo Canyon. The bedding 
planes dip gently north ward. Filled circle: 
recommended van tage poin t. 
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Figure 3: Landslides (stippled) in sedi
mentary rock slopes (contoured) in San Tim
oteo Canyon and Live Oak Canyon. Dip and 
strike symbols for in situ bedding. 

Return to San Timoteo Canyon and continue 
up canyon to Redlands Blvd.; to the north 
lies the opposite side of the ridge that has 
failed toward Live Oak Canyon. Since bedding 
dips into the ridge on this side, its slopes 
are far more stable. 

Proceed right (south) onto Redlands Blvd 
as far as Highway 60; go east on Highway 60 
to the Gilman Springs Road exit; turn right 
onto Gilman Springs Road -to enter the San 
Jacinto Valley. 

San Jacinto Valley 

Gilman Springs Road fronts the west edge 
of the San Timoteo Badlands and parallels the 
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Claremont fault of th(~ San Jacinto fault 
zone. About 2 miles (3 km) southeast of 
Highway 60, the trace of the Claremont fault 
is located one kilometer west of Gilman Road, 
where the scarp is crossed by Alessandro 
Boulevard. About 3 miles southeast of High
way 60, Gilman Springs Road enters the San 
Jacinto graben, an impressive pull-apart 
basin 3 km in width and over ten times as 
long. The ba.sin is located at" a major right~ 
stepping, .en echelon break in the San Jacinto 
fault zone; .the Claremont fault forms the 
steep northeast margin and the Casa Lorna 
fault follows' the more subdued southwest mar
gin of the valley. 

Stop on the wide shoulder of the Gilman 
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Springs Road about 3.5 miles southeast of 
Highway 60, where the road descends to the 
richer vegetation of the golf course and the 
duck ponds near Quail Ranch. 

Quail Ranch Slide (Fig. 4). Two interest
ing geomorphic features are located at the 
north end of the gra ben. The lack of relief 
in this area results in less than desirable 
views of these features. One is a large, 
apparently rapidly expanding, closed depres
sion wi thin the graben. The depression is 
"smile-shaped" (Fig. 4) with the concave side 
symmetrically arranged about an alluvial fan 
emanating from the badlands at Jackrabbit 
Trail. Although it has been modified by the 
Jackrabbit Trail fan, we interpret the loc
ation of the closed depression to be the 
result of a lack of sediment deposition from 

the San Jacinto River in the northern part of 
the graben, rather than to a higher rate of 
tectonic subsidence. The area of the closed 
depression was the natural ephemeral terminus 
of the San Jacinto River, which reached west 
to the Elsinore graben only in times of ex
ceptionally heavy rainfall. 

The second interesting geomorphic feature 
is a 6.5 kilometer long (from about 3 to 
about 7 miles, 5-11 km, southeast of Highway 
60) set of scarps that are mainly arcuate in 
plan. The set strikes essentially parallel 
with the Gilman Springs Road. Some of the 
scarps are nested, others are single. Most 
have been interpreted at some time as Clare
mont fault scarps, but this is not neces
sarily the interpretation most consistent 
with the geomorphic evidence. Considering 

depression 
' .. , ..... .. . . 

, .. ......... . 

.~ ~ 
1 km 

Contour interval: 100ft 
10ft. supplementary contours on valley floor 

Figure 4. Map of scarps in San Jacinto Valley near the Quail Ranch resort. 
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Massacre Canyon 

r-Profile generated by Nested Slide Complex ~ 
"<::'""---=~--

Sanderson 

Figure 5. Profile view of the Claremont mountainside from Gilman 
Springs Road, northwest of Lamb Canyon and the junction with Sanderson 
Avenue and State Highway 79. 

their arcuate traces, their discontinuous 
nature, their coincidence with a wetter, 
finer grained part of the valley fill, the 
local presence of subsidence-extensional fea
tures, and the historic movement effecting 
Gilman Springs Road bed, we interpret these 
scarps as head scarps of a series of lateral 
spreads extending into the graben. They are 
genetically unrelated to tectonic rupture of 
the Claremont fault, but it is likely that 
the spreads originate as a result of earth
quakes on the Claremont or nearby faults. 

Lateral spreads are commonly thought not 
to occur in this general area of southern 
Calif ornia. Furthermore the location of the 
scarps along a known, active, fault zone 
means that their alternative, and quite 
plausible, interpretation as landslide
related features is routinely overlooked. 

Drive south from the stop towards the golf 
course at Quail Ranch Resort. Note the undu
lations in the road as it crosses the area 
of these spreads. This section of the road 
apparently requires more frequent repair than 
the section of road to the north. 

Southeast of these ·scarps, the westward 
bulging of the badlands into the valley ap
pears to be an ·old, thoroughly modified 
landslide. The interpretation of -the bulge 
as a landslide is based upon subtle morpho
logic details and absence of any recogniz
able structure in the sediments underlying 
the bulge. 

Southeast of this bulge, after the inter
section with the Jackrabbit Trail Road, a 
broad arcuate scarp about 1300 m in length 
follows the Gilman Springs Road (Fig. 4). 
The road to Eden Hot Springs is located at 
about the midpoint of the scarp. Along part 
of the scarp are "sink holes" and depressed 
zones indicative of extension. This scarp 
has been considered by some to be a broadly 
arcuate segment of the Claremont fault. Both 
the arcuate nature and presence of extension
al features are more indicative of landslid
ing than strike-slip faulting. Our mapping 
along this part of the Claremont fault indic
ates a reverse (compressional) component 
with the right-lateral slip, rather than 
extension. 

Shorter arcuate scarps of similar appear
ance, some nested, extend southward for about 
one mile along the west side of the badlands 
to the area of Bridge Street (Fig. 4), near 
the south end of the closed depression. The 
finer-grained nature of the sediments (allu
vium) filling the northern end of the graben, 
and their clay content in particular, may be 
the governing feature for the generation of 
lateral spreads .next to the closed depres
sion. 

Continue southeastward along the Gilman 
Springs Road. Pull off to the right before 
descending the gentle grade to Sanderson 
Avenue. in order to observe the profile of 
Claremont to the southeast. The view is 
sketched as figure 5. 
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Claremont (Figs. 5-10). Note the steep
sided mountain that rises as much as 800 m 
above the San Jacinto Valley. The Claremont 
fault is located near the base of the moun
tains (Fig. 5). Landslide features are best 
exposed when the mountain front is viewed in 
early morning sunlight. The locations of 
landslides are most readily distinguishable 
due to minor vegetation differences on flat
tened benches. Vegetation differences are 
most obvious in the spring. 

We consider this mountain front to be the 
most spectacular fault scarp in southern Cal
if ornia. The steep scarp and landslide forms 
are far less modified than on any comparable 
fault scarp in this area. In contrast to 
the San Timoteo Badlands, this steep moun
tain front is underlain by a mixture of 
schist, gneiss, and deformed granitic rocks. 

Landsliding, although commonly overlooked 
or minimized, can be a more impressive slope 
modifying agent than fluvial erosion. Essen
tially all of the Claremont mountain front 
has been modified by landslides. The map in 
Figure 6 shows locations of only the larger 
landslides; landslides are present in a wide 
variety of sizes and classes of activity. 
We can deal with most of the mountain front 
between Massacre Canyon to the northwest and 
Juaro Canyon to the southeast in terms of 
three complexes of nested landslides; two of 
them, the Gilman Hot Springs and Aqueduct 
landslide complexes are only slightly modi
fied; the third, or Claremont, complex below 
Claremont peak has been greatly modified 
(Fig. 6). A number of relatively linear 
side-hill trenches that occur on the mountain 
side are also mapped in figure 6; some lie 
within the landslide complexes, some do not. 

Two factors appear to explain why these 
landslides have been frequently overlooked. 
Some are unrecognized because of their very 
large size and lack of typical landslide ap
pearance. But many are not at all subtle. 
We suppose that many observers approach this 
mountain side expecting, and looking ,for, 
fault features. Thus pre-conditioned, they 
fail to see, or do not properly ip.terpret, 
the omnipresent landslide morphology. 

An additional very interesting, if not as
tonishing, geomorphic aspect of the area is 
the course of the San Jacinto River. After 



lea ving the high San J acin to Mountains, the 
river flows to and along the base of the 
high, steep fault scarp (Fig. 6). The river 
might ordinarily be expected to follow the 
cen ter of the graben, or be displaced away 
from the flank that yields the greatest vol
ume of sediment (compare Lone Pine Canyon; 
Sadler and Morton, this volume). The position 
of the river at the foot of Claremont indic
ates that tectonic subsidence must be great
est in this part of the graben. Note the 
exceptionally limited distance that alluvial 
fans manage to extend from the mountain front 
(Fig. 6). Apparently, the combination of 
the sediment load of the ephemeral San Jac
into River and the debris from the mountain 
front is barely able to match the tectonic 
su bsidence a t the foot of Claremont. 

Displacement on the Claremont fault, which 
separates basement rocks from valley fill, 
has an appreciable compressional component 
(reverse) in addition to the right slip. The 
distal part of the large landslides appears 
to have over-ridden the Claremont fault. 
Thus we consider the southward bowing of the 
mountain front to be an expression of the de
gree to which landsliding extends the moun
tain front southward into the valley (Fig. 5, 
6). The toes of the large landslides may 
extend some distance valleyward of their ex
posed distal part. Landslide move men t dis
places basement rocks across the Claremont 
fault and into the graben. Subsidence of the 
gra ben floor displaces the distal part of the 
landslide deposits. The rate of sediment
ation in this part of the graben is except
ionally high (as high as about I cm/year); 
so the toes of large landslides in the graben 
have been covered by San Jacinto River allu
vium. Subsidence in the graben has produced 
renewed instability and secondary landsliding 
as the distal parts of the landslide are tec
tonically lowered. 

Continue along the Gilman Springs Road to 
the intersection with Sanderson. Turn right 
(south) with great caution: vehicles speed
ing south from the Badlands are not required 
to stop and often have minimal control. Our 
route will loop parallel to the mountain 
face, and stop for the best view of each of 
the slide complexes. The first part of the 
loop, provides moderately distant views of 
the landslides, and then follows the Ramona 
Expressway southeastward to Main Street. The 
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second part of the loop, jor close up views 
of the landslides, takes the newer section of 
the expressway from Main Street to Soboba 
Road. We return northwest along Soboba Road, 
which is located along the base of the moun
tain. Figures 7-10 correspond to the views 
from four stops recommended for a thorough 
review of the mountain face mapped on figure 
6. The perspective changes appreciably and 
the views of the three landslide complexes 
change from profile to frontal-elevation 
views. 

Traffic accidents are disgustingly fre
quent on these roads. At each stop vehicles 
are a serious hazard; walking across the 
expressway is not recommended; please be 
patient when re-entering traffic lanes after 
each stop. 

To reoccupy the vantage point for figure 
7, pull onto the right shoulder of Sanderson 
Avenue a short way before the intersection 
(stop lights) with the Ramona Expressway. 

Here is a good frontal view of the Gilman 
Hot Springs landslide complex. Essentially 
all of the steep mountain front to the north 
is part of this landslide. The Aqueduct and 
Claremont nested (composite) landslides are 
farther northeast and so appear approximately 
in profile view. Every flattened break in 
slope of any size that we have examined along 
the mountain front is the top of a landslide. 
Most of them are smaller secondary and 
tertiary landslides, reactivated in parts of 
the larger slides. The larger slides are 
commonly overlooked and attention is more 
often focused on the smaller more readily 
identified landslides; but even these are 
frequently missed. The rnore pronounced 
breaks in slope have been considered by some 
to be elevated terraces, once at valley 
level, and tectonically lifted to their 
presen t position. 

The major bench-like break in slope, about 
midway up the mountain front, is the top of 
the landslide deposit of the Gilman Hot 
Springs composite landslide (Figs. 5, 7). 
This is the largest of the composite land
slides, with a width of over 2.5 km. It 
extends from 300 m east of ]Potrero Creek, the 
mouth of which is termed Massacre Canyon, to 
where highway 79 crosses the San Jacinto 
River. Relatively minor rotational displace-



Massacre Canyon 

Gilman Hot Springs Aqueduct 
Nested Slide ,--------- Nested Slide Complex -----------------., 

,-- Complex----""l 
Side-hill Trench Closed depression 

Side-hill Trench 2728 ----~----~~~--~--

Gilman Hot Springs 

Figure 7. View of northwest flank of Claremont, particularly the Gilman Hot Springs landslide 
complex, from Sanderson Ave., its near intersection with the Ramona Expressway. 

Major slide 
'\. 

( 

Major slide 

Figure 8. View of west flank of Claremont, especially the Aqueduct landslide complex, from 
the Ramona Expressway, northwest of State Street. 
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Figure 9. View of west flank of Claremont, especially the Claremont landslide complex from 
the Ramona Expressway, at San Jacinto Avenue. 

Figure 10. View of southwest flank of Claremont, especially the Hot Springs fault, from Main 
Street, at the left bank of the San Jacinto River. 
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ment has created a prominent bench, complete 
with closed depression, located at about mid
height on the mountain front along the east
ern half of the landslide. 

The Gilman Hot Springs landslide consists 
of a large, deep-seated landslide, which con
tains numerous smaller landslides scattered 
about its surface. Thus, the Gilman Hot 
Springs landslide is currently a complex of 
nested landslides. Note the secondary slide 
filling the head ward part of the southernmost 
drainage developed into this slide (Fig. 7). 
Erosion of the distal part of this secondary 
slide has resulted in an extremely steep, V
shaped, and abrupt upper end of the canyon. 

Continue on Sanderson to the Ramona Ex
pressway (stoplight). Turn left (east) onto 
the Ramona Expressway. To reoccupy the van
tage point for figure 8 pull off to right in
to the dirt service road for fruit stands at 
the Oleander Ranch. This parking opportunity 
is just before Chase Street and about 100 
yards before the view to the north of the 
road is obscured by a trailer park. 

This stop provides a good overall view of 
the landslide riddled mountain front. Here 
the front rises a maximum of 800 meters above 
the valley. Identify again the eastern half 
of the Gilman Hot Springs landslide with the 
pronounced break in slope midway up the 
front. To the right are dissected landslide 
deposits in the form of prominent benches be
low Claremon t peak. 

The second large~t landslide, the Aqueduct 
Landslide Complex, with a width of 1700 m, 
is located 300 m south east of the Gilman Hot 
Springs slide (Fig. 5, 8). Note the side
hill trenches located at the headward part of 
the Aqueduct landslide. Side-hill trenches 
are also found to the north of the Gilman Hot 
Springs landslide, and there are a few be
tween the Gilrnan Hot Springs and Aqueduct 
landslides (Fig. 6). The ongln of the 
side-hill trenches at the head ward part of 
the Aqueduct landslide appears to have been 
in response to internal deformation assoc
iated with the initial failure of the main, 
deep-seated landslide; the trenches represent 
a composite graben-like structure. 

Continue 
across the 

along the 
intersection 

Ramona expressway 
with State Street 

onto a recently opened stretch of the road 
that will be missing from many maps. Stop 
near San Jacinto Avenue, below the "S" of 
Claremont Peak, to reproduce the view in 
figure 9. 

The Claremont Landslide deposit below 
Claremont peak is now largely dissected; 
before this modification it was about 1300 m 
in width (Fig. 6, 9). Several side-hill tren
ches, trending northwest, are located below 
and to either side of Claremont peak. They 
extend from what we interpret to be the head
ward part of the Claremont landslide westward 
towards the Aqueduct landslide in an area 
containing no surface evidence of landslid
ing. The trenches can also be traced east
ward (Fig. 6), and the most easily visible 
is the easternmost trench (Fig. 6, 9). The 
plateau-like nature of the scarp is 
evidence that these slide-hill trenches have 
to be a result of northeastward movement, 
down the face of the scarp and away from 
the graben, rather than simple southwestward, 
downslope movement. Their geometry, if 
rela ted, is difficult to explain. They do 
not appear to be part of typical sags or 
sackungen as pro- d uced by deep rock creep 
(see explanation in field guide to failures 
in Pelona Schist, Sadler and Morton, this 
volume). 

Continue to the end of the Ramona Express
way, and turn left (north) onto Main Street. 
Park on an access road leading from Main 
Street to the levee on the west side of the 
San Jacinto River, immediately after the 
intersection. This is the view point for Fig
ure 10. 

This levee provides the best view of the 
landslides developed along the trace of the 
Hot Springs fault (Figs. 5, 10). Most 
obvious is the near-vertical face that ex
poses the north side of the Hot Springs fault 
on the east side of Juaro Canyon (Fig. 5, 
10). Here the Hot Springs fault juxtaposes 
Cretaceous, and older, basement of largely 
gneissic rock, with Pleistocene age contin
ental clastic sediments, commonly referred to 
informally as the Soboba beds. Above the 
northwest end of Soboba Hot Springs gray
green colors indicate that the Soboba beds 
occupy a foothill. To the southeast the 
basement gneisses form a much steeper, less 
dissected face. This face is the headward 
scarp of the eastern of three slump-flows in 
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Figure 11: Map of blunt-nosed spreading ridges (stippled) north of Cabazon. 

the Soboba beds, which head at the trace of 
the Hot Springs fault. 

Many structures in Soboba Hot Springs are 
built on the northernmost of the slump-flows. 
There was damage to structures after the 1969 
rains that could be attributed to landslide 
reactivation (Gary Rasmussen, pers. comm.). 

Cross the San Jacinto River bed on Main 
Street; then .turn back along the foot 0/ 
Claremont via Soboba Road. 

Just north of. Soboba Road, and 1.5 miles 
northwest from Main Street, is an old lime 
kiln. The mountain front behind and to the 
west of the kiln appears to be the only un
equivocally non-landslide part of the base of 
the mountain front from here to west of the 

Gilman Hot Springs landslide. Contrast the 
physiography in this short segment of the 
mountain front, where an abrupt steep face 
borders a closed depression, with the rela t
ively more laid-back mountain front to the 
northwest. The closed depression, largely 
obscured from the road by the vegetation it 
supports, is apparently a result of rapid 
su bsidence and rela ti vel y slow sedimen ta tion. 

Note the extremely small size of the very 
steep alluv~al fans flanking the lJlounta~n 
front and the close proximity of the San Jac:
into River. The alluvial fans are rapidly 
aggrading from storm induced debris flows. 
On our route from the lime kiln almost as 
far as Potrero Creek (Massacre Canyon), near
ly all of the mountain front has failed by 
Iandsliding. Based on physiography, a short 
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Figure 12: Map of landslides (stippled) in Snow Creek drainage basin, 
north of San Jacinto Peak. Denser stipple: rock avalanche deposits. 
Dot: view point for figure 13. 

segment of the mountain front where the 
Colorado River aqueduct (Metropolitan Water 
District) is located appears to have been 
displaced little, if at all, by landsliding. 
Just southeast of the junction of So bo ba 
Road with state highway 79, there is a good 
perspecti ve of the eastern margin, and the 
top of the slump block of the Gilman Hot 
Springs landslide. The motel located on the 
small alluvial fan north of the intersection 
has been adversely affected on several oc
casions by .debris ,flows. 

Turn right and continue along the foot of 
the mountain fro'}t, now 'on Highway 79. 

About 0.5 rniles northwest of the inter
section, observe the canyon with the water 
tank to the north of Gilman Road. There is 
a good view of the canyon abruptly terminated 

head ward by a slightly dissected, secondary 
landslide. 

Turn right at the 4-way stop onto Lamb 
Canyon Road. 

To the north of the road, 1.5-2.0 miles 
north of the intersection with Gilman Road 
are monolithologic boulder breccias composed 
of massive granodiorite. They are debris
flow deposits intercalated with fluvial sedi
ments. The uniform composition of these de
posits and the large' clast size has led some 
to identify them as in situ granitic base
ment rocks. These debris flows, part of the 
Pliocene and (or) Pleistocene Mount Eden 
Formation, were derived from granodiorite 
located on the north side of the badlands. 
We pass through this in situ granodiorite 
just south of the summit of Lamb Canyon Road. 



Continue to the intersection with 1-10 in 
Beaumont; take this freeway east-bound toward 
Banning and the San Gorgonio Pass. 

San Gorgonio Pass and Coachella Valley 

Follow Interstate 10 eastward, through 
Banning and beyond Hadley's store at Indian 
Trail, to Cabazon. The foothills of the San 
Gorgonio Massif begin just north of the 
freeway from Cabazon to Whitewater. The 
foothill slope morphology can be seen while 
driving. If a stop is preferred, it is 
necessary to leave the freeway at Cabazon, 
where large dinosaur models are a distinctive 
landmark. Follow the frontage road that runs 
north of and parallel to 1-10. Note that 
this road is discontinuous,· it cannot be fol
lowed through to Whitewater. 

Cabazon (Fig. 11). The hills in the fore
ground to the northeast of Cabazon are under
lain by Pleistocene Cabazon Fanglomerate. 
The noses of a number of ridges have failed 
by distally and laterally spreading slumps. 
This spreading style of landsliding produces 
very blunt-nosed ridges (Fig. 11). In some 
cases the spreading of the distal end of a 
ridge produces a ribbed snout morphology, 
enhanced by subsequent erosion. Several 
closed depressions are located in the medial 
parts of the larger slides. These landslide 
hills are within or adjacent to the thrust
fault complex of San Gorgonio Pass and the 
landslides may have formed during thrusting 
of the hilly area over the alluvial fans. 

Return to 1-10 from frontage road if nec
essary. Continue east on freeway to Highway 
111. Take this highway east towards Palm 
Springs. About one mile from the inter
section turn right onto Snow Creek road and 
stop. A low wall to the right of the road is 
constructed of gabions -- stones fitted in 
wire-mesh baskets. 

Snow Creek (Figs. 12-13). From lower Snow 
Creek Road there are good views of two large
ly dissected avalanche deposits in canyons on 
either side of Snow Creek, the' central 
drainage leading to the summit of Mount San 
Jacinto (Fig. 13). The source areas for both 
of these avalanche deposits contain relative
ly unfractured rock. Apparently the very 
steep slopes were the principal reason for 
the avalanche developmen t. 
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Figure 14. Map of landslides (stippled) and scarps west of the Whitewater 
river. The topographical contours are discontinued on active alluvial 
surfaces. 

The deposit in the canyon to the right 
(west) of Snow Creek provides a good example 
of inverted topography. The original a val
anche deposit probably filled the canyon 
floor in symmetrical fashion; subsequent er
osion re-established drainages on either side 
of the con vex deposit. 

The blunt-nosed ridge between this aval
anche and Snow Creek has the morphologic ap
pearance of a landslide. Our mapping of 
exposures in this area has not clarified 
whether the ridge is a landslide or not. The 
second avalanche deposit descended to the 
left (east) of Snow Creek; it is longi tudin
ally dismembered, and in large part integrat
ed into a physiography that · appears almost 
normal (Fig. 13). The distal geomorphology 
of this avalanche is particularly subtle, 
but the geological composition is diagnostic: 
the deposit consists of granitic basement 
rock quite different from the metamorphic 

rocks that underlie the in situ ridges. 

Below San Jacinto Peak there is an anomal
ous, flat-topped ridge. Our mapping has 
found only in situ solid rock with distinct 
structural and petrographic continuity. 
There is no evidence to support a landslide 
in terpreta tion. 

Return to /-10, eastbound through White
water. Since the nearest intersection is 
not 4-way, either retrace route to /-10 and 
make a U-turn at Verbenia offramp, or con
tinue southeast on highway 111 and take next 
road north to the /-10 overpass al White
wale·r. 

Whitewater 
the north of 
Canyon are 
evidenced by 
Except for a 

(Figs. 14, 15). That hills to 
1-10 and west of Whitewater 
largel y landslide deposi ts is 
numerous low scarps (Fig. 14). 
few relatively small landslides 
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Figure 15. Ground failure caused. by the north Palm Springs earthquake near 
Worsley road, Whitewater. Surface breaks on shattered ridges mapped in 
the week following the July 8, 1986 event. 

along the south margin of these hills, most 
of the landslides are apparent only as scarps 
and lack recognizable marginal or distal 
morphology. The landslides that formed as a 
result of the July 8, 1986, North Palm 
Springs earthquake (Morton et ai, this vol
ume) were very similar to these features. 
Thus we interpret these landslides to have 
been earthquake genera ted. 

Continue east on /-10 to intersection with 
Highway 62. E~it,turn north over /-10, and 
take Highway 62 uphill toward Morongo Val/ey. 

Note the linear patches and breaks across 
highway 62 pavement a short distance north of 
the intersection with Dillon Road. These 
breaks were produced by low gradient slope 
failure during the July 8, 1986, North Palm 

Springs earthquake. These breaks, are locat
ed along the Banning fault of the San And-reas 
zone, and were due to down-slope movement of 
engineered fill. 

Turn right on Painted Hill Road, the first 
road east from highway 62, north of the 
patched breaks; turn right (south) on Worsley 
Road. Immediately after Worsley Road passes 
a pronounced ridge on the left (east). stop 
where the pavement is broken. 

Here the road bed failed in a similar 
fashion to the fill on highway 62 but the 
road has been resurfaced, largely obscuring 
the breaks in the pavement. The low hills on 
either side of the road were the sites of 
numerous small scale landslides produced by 
the July 8, 1986 earthquake (Fig. 15). Most 
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of the south-facing slopes have failed, pro
ducing open extensional fractures along the 
crests of ridges, and compressional fractur
ing (thrusting), disaggregation, or buckling 
along the toes. After a year the compres
sional features were largely obscured, but 
the larger open fractures remained readily 
visible. A short walk to the west and/or 
east of the road should afford excellent 
views of the extensional fractures. 

Retrace route to Interstate 10. The spec
tacular Martinez Mountain landslide can be 
reached by continuing south. Neither of us 
has conducted original research on that 
slide. but we have compiled the following 
from published accounts (Bock. 1977; Baldwin. 
1986). Take 1-10 south to Indio. Highway 111 
south through Indio. and Highway 86 south to 
62nd avenue. Turn right (west) onto 62nd and 
continue until it meets a high flood control 
berm. Climb the berm. 

--

Martinez Mountain Landslide (Fig. 16). 
The toe of the Martinez rock avalanche can be 
seen I-mile southwest of the flood control 
berm at 62nd avenue. 

The presence of a huge slope failure on 
Martinez Mountain was acknowledged by Dibb
lee on a geologic map published in 1954. 
Shelton (I966) included a photograph of it in 
a general text-book. Bock (I977) and Baldwin 
(1980, 1986) give more detailed and broadly 
similar accounts of the slide, from which the 
following has been distilled. 

The Martinez Mountain landslide is a rock 
avalanche of coarse granitoid debris. This 
basement rock broke away from a source scarp 
with 600 m of relief situated east of the 
mountain top. Debris at the toe of the near
ly 9 km long, L-shaped deposit may have 
descended as much as 1,860 m. In the upper 
part of the crudely sorted debris the biggest 

b. Martinez Mtn. I .---::::>"? ___ _ 
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Figure 16: The Martinez Mountain rock aval
anche (stippled). a: map of morphological 
fea tures, simplified from Bock (I977) and 
Baldwin (1987) and reoriented to match draw
ing b. b: oblique aerial view, (based on 
Bald win, 1987, fig.l). 



blocks measure 17m across; this is ten times 
larger than the long dimension of the coars· 
est clasts reported near the toe. Bock's 
(1977) account suggests that some constellat· 
ions of blocks can be reconstructed, in jig
sa w puzzle fashion, as evidence of the pres
ence of much larger, minimally disrupted 
basement sheets within the avalanche. At 
least 380 million cubic meters of material 
was in vol ved in the slide (Bock, 1977, p. 
163). 

The surface morphology of the landslide is 
characterized by lateral ridges, debris 
lobes, and closed depressions that contain 
lake sediments. The pattern of ridges and 
lobes indicates that the material flowed, 
perhaps in three successive surges. Differ
ences in desert varnish developed on the 
boulders at the slide surface indicate some 
alti tude control of the varnish process, and 
distinct episodes of sliding (Sharp, quoted 
in Bock, 1977, p. 164). The curved course of 
the slide and the ability to override, or 
run-up, existing topography are evidence of 
considerable velocity. Baldwin (1987) ven
tures the estimate that velocities exceeded 
128 km/hr. 

The location of the slide may be explained 
by orientations of joints and a low-angle 
shear zone in the source rocks that were 
conducive for failure. Seismic triggering is 
plausible. As with other rock-avalanche 
deposits, it is more difficult to explain how 
the rock debris was transported so far, ap
parently as a very rapid flow. Shreve (1987) 
summarizes existing theories, most of which 
involve entrained fluid, especially air. 
Both Bock (1977) and Baldwin (1980) describe 
striations at the base of the deposit. One 
may accept these striations as proof that the 
deposit was relatively coherent and in 
contact with its substrate at some time while 
still moving. But this is almost inevitable, 
except in a pure fall, and represents very 
little evidence for, or against, the presence 
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of a fluid cushion beneath the flow 

It is worthwhile to examine morphological 
and depositional details on the slide itself. 
but the access is difficult even for field 
vehicles (Martin Stout. pers. comm.J. 
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ABSTRACT 

The flanks of the uppermost Santa Ana rher basin include many topo
graphic flats and benches. Some result from bedrock slope failures, some 
are constructional sedimentary t erraces, others appear to have a composite 
origin. Bedrock mapping is a vital aid to interpretation. Both land
sliding and sedimentary fan growth from the south flank of the valley have 
influenced the course of the Santa Ana River, but fan growth is dominant. 

INTRO][)UCTION 

Relatively flat benches that occur in 
otherwise steeper topography often serve as a 
preliminary guide to sites of slope fa i lure. 
The relief of the San Gabriel Mountains, for 
example, is characterized by deeply incised 
drainages -- steep canyon walls, separated by 
knif e-edged bedrock ridges. Areas of less 
steep terrain formed by stream terraces, or 
remnants of pre-orogenic surfaces, are rare. 
Locally reduced hillside gradients can most 
frequently be shown to be a product of land
slides (Morton, Sadler and Minnich, this vol
ume). 

The San Bernardino Mountains (Fig. 1), a 
neighboring element of the Transverse Ranges, 
are separated from the San Gabriel Mountains 
only by the San Andreas fault zone in Cajon 
Pass (Fig. 2) and probably shared part of 
their orogenesis. Yet the San Bernardino 
Mountains are built of a very different suite 
of rocks and have a quite different relief. 
In contrast to the San Gabriel Mountains, 
deposi tional flats and remnan ts of a gen tIe 
pre-orogenic relief make up a significant 
proportion of the area of the range (Figs. 
2, 3). Slopes of ten degrees or less (Fig. 
3a) are quite widespread. Few catastrophic 
avalanche deposits occupy the intra-montane 
valleys, another sharp contrast to the San 
Gabriel Mountains. Some of the differences 
in relief may be attributed to later onset 
of uplift in the San Bernardino Mountains. 

In this field guide we examine flats and 
benches of simple landslide ongIn, and 
contrast them with purely depositional ter
races. Then we turn to more difficult cases 
of composite origin, where geomorphic argu
ments for landslide origin are inconclusive. 
Throughout the guide we refer to cases where 
detailed mapping of bedrock composition and 
structure assist the in terpreta tion. 

Most of our examples are in the intra
montane Santa Ana basin, where topographic 
complexity results partly from Quaternary 
fluvial and glacial processes, partly from 
orogenic structures, and partly by inherit
ance from a pre-orogenic basin. Consequent
ly, an introductory review of the tectonic
topographic setting of the basin is in order. 

TECTONIC-TOPOGRAPHIC SETTING 

The steep slopes and topographic escarp
ments within and around the San Bernardino 
Mountains (Fig. 3b) delineate five orogenic 
provinces. Four are uplifted blocks that are 
dominated by igneous and metamorphic basement 
rocks - Yucaipa Ridge, the San Gorgonio 
Massif, the northwest plateau, and the east
ern ramp. With the exception of the eastern 
limit of the eastern ramp, these four blocks 
are bounded by steep unstable slopes that are 
the sites of large bedrock failures. The 
slopes are primarily a product of Pliocene 
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Figure 1. Route map. Numbered rectangles show 
map coverage of subsequent figures in this paper. 
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Figure 2. Pseudo-perspective views of the San Bernardino Mountains from 
the southwest. 4x vertical exaggeration. b: with San Gorgonio Massif 
removed to show the floor of the Santa Ana basin. 

and younger faulting. The fifth province is 
an uplifted sedimentary basin with Miocene 
ongIns (Sadler, 1985; Sadler and Demirer, 
1986) - the Santa Ana Basin. 

The northwest plateau and the eastern ramp 
lie north of the Santa Ana basin. They are 
characterized by extensive remnants of the 
more subdued, pre-orogenic topography that 
can be identified by upland surfaces of low 
relief (Vaughan, 1922), thin relict fluvial 
sediments (Sadler and Reeder, 1983), and 
soils (Meisling and Weldon, 1982). They are 
deeply dissected by streams that cut across 
the youngest tectonic relief and presumably 
were inherited from the pre-orogenic drainage 
network. 

The uppermost Santa Ana River is rather 
different. It drains the large elongate 
intra-montane Santa' Ana basin, and flows 
parallel to the tectonic escarpmen ts. The 
river is now adding an , inner gorge to its 
broad-floored ill-fitting basin. 

The provenance of the older sediments in 
the Santa Ana basin indicates that the north-

west plateau and San Gorgonio Massif assumed 
their present position and elevation relative 
to the basin during Pliocene and Pleistocene 
orogenesis. During this orogenesis the older 
sedimentary rocks of the basin -- the Santa 
Ana Sandstone were folded. The San 
Gorgonio Massif to the south was high enough 
by late Pleistocene time to have developed 
several glacial cirques. 

Yucaipa ,Ridge is a geologically composite 
feature standing within the San Andreas fault 
zone. It has moved appreciably relative to 
tpe rest of the San Bernardino Mountains. 

FIELD GUIDE 

The core route for this guide is a coun
t.er-cl.ockwise loop through the San ' Bernardino 
Mountains on paved highways 38, ,]8, and 330 
(Fig. 1). The route reaches 8,000ft 
elevations, and snow chains may be required 
between November and April. Not all bus com
panies are prepared to drive the steeper 
grades on Highway 38. If seeking to hire a 
bus, try companies which service the mountain 
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Figure 3. Slope maps of the San Bernardino Mountains constructed from a 
200 ft contour interval, at an original scale of 1:250,000. a: slopes 
steeper than 10 degrees (stippled). b: slopes steeper than 20 degrees 
(stippled). 
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summer camps. Ancillary routes are suggested 
that allow a visit to Blackhawk landslide, 
closer access to Seven Pines slide, and a 
more detailed examination of Barton Flats. 
The ancillary routes make use of some less 
hospitable roads. 

General geologic guides to parts of these 
routes have been written by Gibson (1971), 
Stout (1976), Sadler (1982) and Sadler and 
Demirer (1986). 

From the intersection of /-215 and /-10 
(Fig. 1), take /-10 eastbound to the Highway 
38 offramp in Redlands. Follow the Highway 
38 route signs left (north) under /-10, onto 
Orange Street, through the outskirts of Red
lands, and right( east) onto Lugonia Ave. 
Continue through Mentone to the intersection 
with Garnet Road at Greenspot Market. 

Ancillary route. Garnet road may be fol
lowed north across a bridge over Mill Creek, 
and around orange groves to a bridge over 
the Santa Ana River. Flood control measures 
taken by the Army Corps of Engineers near 
each of these bridges illustrate the use of 
gabions. The gabion technique exploits the 
locally abundant boulders. A gabion wall may 
be examined behind the fenced pumping station 
sou th of the Santa Ana bridge. The ga bions 
used to stabilize the banks of Mill Creek 
were placed in August 1978. According to 
army engineers, the current practice is to 
use far larger units. Retrace route to high
way 38. 

Main route. Note mileage at Garnet road. 
Follow Highway 38 about 2 miles farther east, 
and park on a very wide shoulder north of the 

Morton Pk. 

highway, after it climbs a spur 0/ the Cra/
ton Hills. Mill Creek is immediately north 
of the parking space. Upstream it can be 
seen to have cut a gorge through Yucaipa 
Ridge (Fig. 4). 

Yucaipa Ridge 

Yucaipa Ridge has been uplifted between 
the north and south branches of the San 
Andreas fault, which locally consists of at 
least four strands. The trace of the cur
rently active strand (San Bernardino strand 
of Matti et al., 1985) follows the foot of 
the south flank of the ridge. Just east of 
Mill Creek this whole flank has failed as a 
complex of nested slides (Figs. 4-6; Morton, 
1974; Matti, 1984). Both slide scarps and 
fault traces cross this complex, naturally 
benched slope in a direction nearly parallel 
with its strike. 

West of Mill Creek the morphologically 
simpler slopes (Fig. 4) are built of crystal
line basement rocks. In the gorge and east 
of Mill Creek the south flank of Yucaipa 
Ridge is built of bedded conglomerates, sand
stones, and shales of the Mill Creek Form
ation (Owens, 1959; Smith,1959; Gibson, 1964, 
1971, Demirer 1985, Sadler and Demirer,1986). 
Some sandstone beds can be seen dipping 
steeply northward near the crest of the ridge 
(Fig. 4). Toward the foot of the slope, 
near the San Andreas fault, an anti- elinal 
structure causes unstable southward dips in a 
shale-rich part of the formation. 

The anticlinal structure is exposed in a 
few deepl y incised creeks on the sou th flank 
of Yucaipa Ridge. The creeks have cut 

San Gorgonio Massif 

--
Figure 4. Landslides (stippled) on south side of Yucaipa Ridge, near Mill 
Creek gorge. View from Highway 38 at edge of Crafton Hills. 
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Figure 5. Map of landslides (stippled) on Yucaipa Ridg.e near Mill Creek 
gorge, in part after Matti (1984). Contours are ,drawn on slopes under
lain by crystalline bedrock only. Attitudes are shown for for bedding in 
the Mill Creek Formation. Dots: recommended stops. 

through the sl~de material and bedrock to 
reveal a marked facies change near the fault 
trace. Buff sandstones are replaced near 
the toe of the slope by darker conglomerates, 
rich in grayschist clasts derived from the 
Pelona Schist. 

The landslide morphology is obvious; ad-

di tional indica tions of slope ' fail ure are th·e 
·chaotic and' anomalous attitudes of the sand
stone beds and the fact thaf sandstones ex
tend downslope across the facies change and 
the fault trace. Large sandstone blocks with 
consistent b'edding attitudes are more common 
near the tops of the slide deposits, disrup
tion of bedding is usuall y greatest near the 
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toes of these landslides. 

Continue on Highway 38 to the Mill Creek 
ranger station. Parking, rest rooms, water, 
and information on road and fire conditions 
are usually available. Note mileage. 1.3 
miles beyond the ranger station, after cross
ing Mill Creek bridge, the road skirts a toe 
of landslide debris. At 1.7 miles park in a 
large turnout to the right that is opposite a 
near vertical, fresh road cut. 

A complex landslide (Fig. 6) developed in 
the Mill Creek Forma tion can be seen back 
down the road. The recent scar is vegetation 
free and includes steep active scarps. The 
vegeta ted slopes above show numerous nested 
scarps. The scar and scarps that are visible 
from this stop are a small part of a much 
larger ancient slide that occupies nearly 
all of this flank of Morton Peak (Fig. 5). 
Locally high moisture content in the slide 
material supports more vigorous brush, so the 
whole slide complex appears relatively pink 
in color-infrared (CIR) images, as contrasted 
with adjacent areas. 

Several factors contribute to the instab
ility of this slope. This part of the Mill 
Creek Formation consists of competent sand
stones and conglomerates interbedded with 
shale. The proportion of shale is greatest 

Fallen debris 

near the base of the slope. Th us the rna t
erial of the slope includes zones of weak 
lithology. Surrounding outcrops suggest that 
bedding initially dipped at 20-25 degrees out 
of the slope near the crest and less steeply 
at the foot, providing potential slip planes. 
Erosion by Mill Creek at the toe of the slope 
leaves the beds unsupported down dip. 
Finally, the slopes are close to the active 
strand of the San Andreas fault, and con
sequently subject to intense seismic shaking. 
The moderate north Palm Springs earthquake 
(magnitude 5.9; July 8, 1986) was over 45 km 
to the southeast, but dislodged boulders 
onto the dirt roads of Yucaipa Ridge. 

Furthermore, natural and artificial fac
tors promote continued movement of the slide. 
Any stabilizing buttress of failed material 
that might naturally accumulate at the toe of 
the slope is subject to episodic removal by 
stream erosion. Clearance of slide debris 
from the highway has the same effect. This 
portion of Highway 38 is difficult to main
tain. There was extensive damage in the 
floods of 1969, and road closures in the hard 
winters of the late 1970's to remove 
landslide material. 

Figure 6 indicates the location of a 
facies change from gray-green conglomerates 
to buff sandstone at a slope break, high on 

N 

Figure 6. Landslide scar (stippled) at Highway 38 below Morton Peak. 
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Figure 7. View of nested slide complex (stippled) on Morton Peak, looking 
west from Highway 38 above Mountain Home. 

the skyline, near the mouth of the gorge. 
The conglomerate facies fingers out abruptly 
to the north, and is missing in the road cut 
opposite our viewpoint. Therefore the locat
ion of the facies change in the failed mass 
is, unfortunately, not a simple guide to the 
amoun t of downslope movemen t. 

The steep rock face with drill holes op
posite the turnout exposes nearly horizontal 
sandstones and shales at the fold axis. At 
the foot of the vertical face an unfenced 
ditch has accumulated debris from small rock 
falls. The cut is benched for stability. 
Chaotic slide material can be seen, perches 
at the top of the face. 

On the opposite side of the creek the dip 
direction appears to have provided more sta b
ility. The Mill Creek Formation is exposed 
there in steep natural cliffs and thick sand
stone beds form overhanging ledges high on 
the cliffs. The ledges fail by coarse block 
falls. More broken materials are exposed on 
the higher parts of ridges and all of the 
re-entrants above the cliffs contain lobes of 
landslide debris. 

We speculate that the gorge through Yuc
aipa Ridge originated when an incised stream 
on the south flank breached it and captured 
an older drainage that followed the weak 
rocks and low ground along the north branch 
of -the San Andreas fault. The modern Warm . -
Springs Canyon would be the beheaded drain-
age. Unlike the active slide complex crossed 
by the high wa y, others along the gorge 
through Yucaipa Ridge have toes that are 
above the modern creek bed. Evidently Mill 
Creek can flush out landslide debris fast 
enough to maintain the gorge and has com-

pIe ted an episode of down cutting since the 
last movement on many of the larger slides. 

The abundance of relict slides is popular
ly attributed to wetter Pleistocene climates. 
Implicit in this interpretation is the notion 
that landsliding occurred more frequently in 
pre-Holocene time. But the Pleistocene was 
of very long duration relative to the Holo
cene, and especially to the period of 
historic records. Therefore, we caution that 
one cannot deduce a formerly higher incidence 
of landsliding merely from the abundance of 
relict slides. Furthermore, we may not yet 
have adequate records to describe the 
Holocene rainfall regime (Morton, Sadler and 
Minnich, this volume). Reasonable as the 
proposed influence of climate may be, hard 
evidence is difficult to assemble. 

Continue up Highway 38. 

At 1.9 miles above the Ranger Station 
anCient slide material extends down to the 
creek bed. 

Ancillary route. The Morton Peak Truck 
Trail (IN 12) meets the highway on the north
west, 2.1 miles above the Ranger Station. 
This steep dirt road winds up through the 
slide complex and offers good views of the 
slope failures to the south of Mill Creek. 
Return to Highway 38 route. 

At 2.4 miles, lighter-colored bedded sedi
men ts form steeper, more sta ble slopes north 
of the road. Very steep sandstone beds dip 
south more steeply than the slopes. This 
facies of the Mill Creek Formation includes 
less shale. At about 2.6 miles turn right 
into Thurman flats picnic ground and park. 
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ALLEN PEAK 

Figure 8. View of the landslides (stippled) on the north side of Yucaipa 
Ridge, looking southwest from Highway 38 below Angelus Oaks. 

Notice that the fill below the road has 
been faced with rounded boulders obtained 
locally. The red sediments of the road cuts 
are another facies of the Mill Creek Form
ation (West, 1987). They have been intro
duced by the Yucaipa Ridge fault (Fig. 5), 
which crops out high on the ridge to the 
south. Following the fault trace is a narrow 
outcrop of crystalline basement rocks with 
steep crags. Angular debris of basement 
rocks lies near the foot of Yucaipa Ridge 
south of the picnic ground. Only sedimentary 
units crop out there; apparently. the debris 
has fallen to the stream bed from the higher 
rock faces. 

Follow footpaths through the alder grove 
near the west end of the parking lot to a 
brushy gravel bank within the braided creek 
bed. 

Looking downstream, notice the full extent 
of the hummocky scarp-ridden slopes, indic
ative of nested landslides below Morton Peak 
(Fig. 7 is a similar view from farther up
stream). The active scar at Highway 38 is 
clearly a very small scale re-activation. 
Across the next strand of the creek there are 
rock fall deposits, including thre"e huge 
blocks of gneiss 10- 1'5 meters in diameter. 

Follow Highway 38 through Mountain Home. 
Turnouts on the right at 4.8 and 6.0 miles 
provide additional views (Fig. 7) back to 
Morton Peak. Across the creek from the high-

er turnout is a steep avalanche chute that 
descends from Yucaipa Ridge. 

At 6.3 miles the highway bends sharply 
left, up and out of Mill Creek. Turn right 
within this hairpin bend onto the paved road 
that leads to Forest Falls. After heavy 
rains parts of this road are inundated by 
debris flow and stream flood deposits. 

At 6.8 miles notice the cones of angular 
debris north of the road. At the trail head 
9.3 miles above the Mill Creek Ranger Sta
tion there is a large debris cone and a 
debris-flow channel with levees running north 
off Yucaipa Ridge. A second and better de
veloped leveed channel crosses the road at 
10.0 miles. Houses along this road have 
been built on the coarse deposits of debris
flows and hyperconcentrated stream flows; 
some structures are within 5 meters of mini
mally modified, debris-flow levees. 

Turn around ill the loop provided at 
10.6 miles; the rest of the road is usually 
locked. Retrace route to the bridge over the 
Mill Creek (12.3 miles) and stop in large 
parking area to the· right, beyond the bridge. 

The steep slopes of the south flank of San 
Gorgonio consist of crystalline basement 
rocks. Topographic benches and bulges sug
gest that much of this slope has failed in 
large bedrock landslides, but we do not have 
sufficiently detailed mapping to delineate 



them accurately. 

Return to Highway 38 (14.7 miles) and turn 
right up the hill. From steep road cuts in 
crystalline basement small rock falls regul
arly reach the highway. Most are cleared by 
rou tine sweeps of a snow-plow truck. About 
three miles above the Forest Falls road 
(17.6 miles) pull out into a turnout and 
viewpoint on the left of the highway. 

To the south, across the creek, on the 
north flank of Yucaipa Ridge are many slope 
failures in sedimentary rocks of the Mill 
Creek Formation (Fig. 8). The head ward parts 
of drainages on Yucaipa Ridge contain hum
mocky bulges of slide debris. The slide 
materials support trees, rather than the 
chaparral that prefers the head-scarp and 
side-scarp slopes. Extensive debris has also 
accumulated at the foot of the ridge and 
chokes the lower reaches of its drainages. 
Surprisingly, the forested portions of the 
mid-flanks of the ridge toward Allen Peak 
contain stable slopes with undisturbed 
outcrops. West (1987) was able to map con
sistent stratigraphy and bedding attitudes 
from outcrop to outcrop there; analogy with 
the rest of the ridge and its more accessible 
outcrops had not anticipated this. 

Continue via Highway 38 to Angelus Oaks 

1 mile 
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(Figs. 3, 9). Angelus Oaks offers a post 
office, a grocery store, a restaurant, and 
gasoline; none of these is again available 
until Big Bear City. Note or reset mileage to 
provide a new baseline. Beyond Angelus Oaks 
the highway clings to the steep north flank 
of the San Gorgonio Massif and offers vistas 
into the Santa Ana basin. 

The Santa Ana Basin 

At 1.1 and 1.8 miles beyond Angelus Oaks 
(Fig. 9) it is possible to stop on the north 
side of Highway 38 where there is a view 
westward, down into the valley to Slide 
Peak and Seven Pines (Fig. 10 at 1.8 miles). 
A later ancillary route briefly describes the 
access to these features. 

Slide Peak (Figs. 10, 12, 13). Slide Peak 
stands between Keller Peak and the deep gorge 
cut by Bear Creek, above its confluence with 
the Santa Ana river. Slide Peak is in cryst
alline bedrock, predominantly a quartz mon
zonite. A smooth ridge that runs south
southeast from the peak terminates abruptly 
at a huge, steep unvegetated scar. This 
scar feeds a short tributary valley of Bear 
Creek. The tributary valley floor is filled 
with a cone of coarse debris - the last major 
deposit from the scar. The axis of the cone 

Figure 9. Road net and recommended stops (dots) in Santa Ana basin. 
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Figure 10. View of Slide Peak from Highway 38, east of Angelus Oaks. 
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Figure 11. View of Converse Flats from Highway 38, east of Angelus Oaks. 



has since been en trenched, and the snout of 
the cone has been eroded by Bear Creek. 

On aerial photographs and U.S.G.S maps of 
the 1950's a small crescent-shaped lake -
"Slide Lake" -- can be seen on Bear Creek 
immediately above the axis of the debris cone 
(SL on Fig. 12). The 1952 and 1955 photos 
show Bear Creek flowing into the northeast 
arm of the lake; no outflow channel is vis
ible; the downstream portion of Bear Creek 
heads in the debris cone. No lake was shown 
on the map published from an 1898 survey 
and the lake probably resulted from damming 
of Bear Creek by debris from Slide Peak. 
Dale Bradshaw (pers. comm. via Wes Reeder) 
recalls that the lake was 10-15 feet deep and 
supported sport fishing. He thinks the 
natural boulder dam was created in the 1930's 
and breached in 1978-79. The lake is cer
tainly no longer present, but is not shown on 
maps drafted from 1966 photography. 

Seven Pines Slide (Figs. 10, 12-13). Seven 
Pines is the site of an abandoned structure 
on a broadly undulating flat, with closed 
depressions, at the foot of the north west 
plateau of the San Bernardino Mountains, just 
east of Bear Creek. From viewpoints on 
Highway 38 (Fig. 10) it is on the same line 
of sight as Slide Peak. The flat consists of 
a variable thickness of crushed monzonitic 
debris resting on sedimentary rocks of the 
San ta Ana Sandstone. The landslide was 
mapped by Jacobs (1982), who had studied it 
with Martin Stout and Perry Ehlig of the 
California State University, Los Angeles. 
They recognized the crushed and pulverized 
nature of the base of the deposit and the 
surface ridges as evidence of rapid movement 
as an avalanche. The 15-60 m thick (Jacobs, 
1982, p. 57) deposit is typically unstrati
fied, but includes at least one internal 
stratification surface at its thicker, east
ern end that suggests it was built up by more 
than one surge. 

Jacobs (1982) presents a rather complic
ated interpretation of the movement history 
of the slide, and suggests that its source 
was the steep slope immediately to the north 
(Fig. 12). He attributes the short wide 
intervening valley primarily to a tensional 
"pull-away", rather than to subsequent fluv
ial action. The interpretation of this rather 
broad valley is not straightforward. It 
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heads in slide material and is close to the 
right lateral Deer Creek fault, so it may be 
a beheaded part of the Deer Creek drainage. 

The high, steep exposures at the southern 
margin of the Seven Pines slide suggest that 
a great deal of it may have been eroded 
before the streams incised to their pres en t 
level. The west end has been modified by 
secondary slope failure into Bear Creek. It 
is, therefore, difficult to interpret the 
remaining surface undulations and depressions 
unambiguously in terms of lateral or trans
verse ridges. Consequently, westward flow 
seems to be as plausible as derivation from 
the north. A large area of failed bedrock 
slopes in the switchback region of Clark's 
Grade (Figs. 10, 13) is a possible source to 
the east. 

Deer Creek (Figs. 10, 13-14). Deer Creek 
crosses a gently sloping, but very irregular, 
surface of low relief between Clark's Grade, 
Bear Creek, and the Santa Ana river (or road 
IN09, Fig. 10). This hummocky flat contains 
several springs and wet depressions, and has 
a composite origin. It is floored by the 
Santa Ana Sandstone which has a patchy cover 
of compositionally distinct sedimentary ter
races from both Deer Creek and the Santa Ana 
River. These two stream systems cut the 
primary low relief into the easily eroded 
Santa Ana Sandstone. The extensive low 
ground has been preserved by right la teral 
separation of the Santa Ana basin along the 
Deer Creek fault (Figs. 13-14). Channels and 
terraces cut by the Santa Ana river and Deer 
Creek are progressively displaced to the 
northwest, while the steeper basement flanks 
of the San Gorgonio Massif ·are shifted into 
the path of the river. 

Superposed upon this complex cut and fill 
physiography are landslides, of which the 
Seven Pines landslide (Fig. 10) is the larg
est. Small slope failures occur in green 
clay units of the Santa Ana Sandstone 
throughout their outcrop. Slides of inter
mediate size have moved off the northeast 
block of the Deer Creek fault, and others 
arise on the steep flanks of fluvial chan
nels. 

The ongln of the composite and irregular 
fla t crossed by the Deer Creek drainage is 
thus straightforward in general but far more 
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100 ft contours in granitoid ·basement 

Figure 13. Map of flats below Clark's Grade. Contours in crystalline 
bedrock only. Light stipple: Santa Ana Sandstone. Heavy stipple: land· 
slides. Circles: springs. Barbed lines: low angle faults. Letters: key 
clasts in surficial gravels. gr: grani toids. gn: gneiss. q: quartzite. 

difficult to map in detail. At this point we 
anticipate a later section and note that the 
flat has many physiographic and genetic 
characteristics in com.mon with flats to. the 
east, which lie south of the Santa Ana River 
and between Foresee Creek and Fish Creek. In 
the simplest ·view, . the two areas were one, 
prior to offset by the Deer Creek (ault (Fig
ure.14). 

Continue eastward along Highway 38. At 
2.5 miles from Angelus Oaks a turnout to the 

left side of the road (large granitic blocks 
and a "6000ft" sign) provides a view down to 
the Deer Creek fault trace. At 2.8 and 2.9 
(Fig. 9) miles there are views north and east 
to Converse Flats. Barton Flat!$ and Sugarloaf 
Mountain. 

Converse Flats (Figs. 11, 14-15). Con
verse Flats are a fine example of simple 
depositional terraces. They slope south from 
the north, ,flank of the basin, and their 
dominant clast composition corresponds to the 



370 Sadler and Morton 

bedrock upstream. The toes of the flats are 
incised by the inner gorge of the Santa Ana 
river; the escarpment at the river exceeds 
300 ft in height at the west end, where the 
Santa Ana Sandstone is exposed beneath the 
terrace deposits. To the east the erosional 
scarps are lower, and the Santa Ana Sandstone 
is rarely exposed. The flats include little 
indication of unstable slopes. The steep 
escarpment at the Santa Ana River is less 
prone to failure than the south bank. 

Forsee Creek to Fish Creek (Figs. 9, 11, 
13-16). On the south side of the Santa Ana 
River, from the confluence with Forsee Creek 
in the west to the confluence with Fish 
Creek in the east, lies a large lens-shaped 
area of more complex hummocky flats. It is 
bordered on the south side by the steep 
flank of the San Gorgonio Massif. The name 
Barton Flats is given to a relatively undis
sected, fan-shaped portion of this region, 
as labelled on figures 14 and 15. For this 
discussion, however, we need to deal wi th the 
larger geomorphic region, including all the 
flats that are similarly underlain by the 
Santa Ana Sandstone and younger surfic
ial gravels (Fig. 15). The crystalline base
ment rocks beneath the Santa Ana Sandstone 
are not exposed in these flats or in the 
incised drainages between Forsee Creek and 
Fish Creek. 

Within a mountainous setting, a relatively 
flat, irregular area such as this is suspic
iously landslide-like. Data required for an 
exact and definitive analysis are wanting, 
but we have become familiar with these flats 
in the course of our mapping of the Santa Ana 
Sandstone and the nearby wilderness areas. 
For our present analysis we consider three 
levels of relevant information: the wider 
physiographic and tectonic setting (Fig. 14); 
the composition, structure and depositional 
history of the material covering and under
lying the flats; and the local physiography 
of the flats themselves. Figure 15 summar
izes some of our local geological and geomor
phic observations. 

Physiograohic-tectonic Setting. The San 
Gorgonio Massif to the south is an area of 
very rapid uplift. The rest of the San Ber
nardino Mountains and the intramontane Santa 
Ana Basin have experienced recent but less 
rapid uplift. The Santa Ana Basin formed 

during the Miocene in a totally different 
physiographic setting: the rocks of the San 
Gabriel Mountains then lay to the south (Sad
ler, 1985; Sadler and Demirer, 1986). 

The San Gorgonio Massif occupied its pres
en t position before late Pleistocene time. 
The Miocene and Pliocene basin had by then 
been compressed and uplifted between the 
higher blocks of the modern San Bernardino 
Mountains. The northern boundary of the 
basin is now a major overthrust zone. 

The north flank of the San Gorgonio Massif 
experienced Pleistocene glaciation (Sharp, et 
al., 1959). The resulting cirques, especial
ly in the South Fork drainage basin, now 
contain large quantities of glacial and col
luvial material, and are still prolific 
sources of sediment. In late Pleistocene 
time the South Fork drainage debouched a 
major fan of fluvio-glacial gravels (gg in 
Figs. 15, 16) onto the now folded Miocene 
and Pliocene basin fill. The rate of alluv
iation evidently exceeded the effects of 
uplift and erosion. Later the effects of 
uplift became dominant. Major entrenchment 
took place along the courses of South Fork, 
Frog Creek, and Barton Creek, through the 
fluvio-glacial cover and into the Miocene and 
Pliocene sedimentary rocks. The Santa Ana 
River incised its channel at the northern 
limit of the fluvio-glacial fan, producing a 
steep, unstable, north-facing, free face. 

The landslide oroposition. In a brief and 
provocative physiographic analysis, Stout 
(1976a, reprinted 1982) has outlined an 
argument that this same region between the 
San Gorgonio Massif and the Santa Ana river 
is a large composite landslide. His propos
ition provides a framework for our discussion 
of the local physiography of the flats. We 
shall describe access to a few examples of 
the key elements of the composition and phys
iography of the flats, and then return to a 
discussion of their origin. 

Reversed (south-facing) Slopes. Notice, 
from this viewpoint west of the flats, that 
their west end is drained by west-northwest 
flowing streams (Figs. 11, 14, 15). This 
contrasts with the north and northwest align
men t of drainages in the San Gorgonio Massif 
to the south. Notice the presence of locally 
reversed (south-facing) slopes, other than 



r' 
I ' 

K 

lkm 

1 PLAtEAU 

\ 
~\. .. .. .. \: 

· ~ .. I \. . 
-I .. I • ..... 

· .t·,,' .",' · r·· .. 
, " . , , 

.rt~ 
1"'0 

'/)", 
r . , 1 

.. '," .. ,.. .." 

, I . ,.. .. 

,. \., , . r", \ ....... \. t. 
.. ~ .. \ ' \ .. ~ .. ,\ . .. \. --:,~ .. : .. : 

,. I' • ~ • \ • , • i "', \ :. \.. . Ij . • 

.. '. ~. ,. \ ','.,: '. \: \' '\., ,'.: . . ." .. \ . 
"', .... ', .... \'", .. /-.".., °1''':''lII .... '.. .. \ ,0 .. 0,"\ " 
.. " .. :,\.. """ .. :" ,'~," .. .. ,.,~ .. .. \~ .. ',.t_ .. .. ,1. .. \.. .. 

," ,,,".." , 0' .. ''".,'",''':,'.\ .. '~\. ,1.\. "~.' 
,'" ,'. '. • t .... 

. ".: .'1\, ........ . I.. ° 0" 0:.: ..... '. 
, . ;' .. _,,-:-.. :' ',l\ .... \',' . : .'\. -....... ~---- " . . ... ·r ", ... .: __ . ,'. .. \ ',.. "'\. .. ", ,/, .. .. 

,' .. J ',"" ~....... .... " .... • .. 

, , 
'. t " \ . 

.. ', .. \ .. '. . .. 
\. .. ," 

.. '" .. " ,," \,' 
. \~,' 

I • 

. . (",.,~: .... " ~. '.: .' : ... f . :--... ~ . 
: ,,' .. ,;,.\,' . . \ > .. ;----~, 

.. ',..._-_ .. _.. ... .. " 
.. ',' .l"-.. . ~, .... .; .' .f,· 
. . /. '. ~ . '. ,,.,,,~,~" . . : '. . 

" .... " .. 
• . ,': .' " ',' • • • I ~ • \;,' •• '. '.. • I •• • \ • 

. ... ' . f' .,'. \ . . . : . ',-' . . . ~ ,. ,'.' .. \': .. _--' .. . I' .'. ,. \ . \-..... . . ~ ., ' ''(\.' .\'..... .: 
" .. 1\ , .. I 

. ,; ... ~ .... ' \ .'~ ........... 
, \ ..... . :,·1.. " 

."\.... ~-, 
, ..... -,-~,,~ 

,.~. 

, . t .... ' \' .. ·r .. . \~. 
. '~'\ ~,- ..... --.: ' , ~ . .. \.\. .... ... . ;,~ ... ', .. ', " ~ 

',', ,.\, ~' ~ 
\ . ~ 
I ' :: , ~ 

~ 
~ 

"" ~. 
Figure 14. Drainage network in the Santa Ana basin. Stippled: steep bedrock slopes at 
margins of San Gorgonio Massif and the northwestern plateau of the San Bernardino Mountains. 



Figure 15. Simplified surficial geologic map of Barton Flats and envir
ons. Contours in crystalline bedrock only. Scarps not differentiated 
according to origin, heavier symbol for higher scarps. Dense stipple: 
Santa Ana Sandstone. Letter symbols differentiate clast suites in sur
ficial gravels according to diagnostic lithology: granitoids. gn: gneiss. 
q: quartzite, gg: mixed granitoid and gneiss. Numbers with the symbols 
represent different ages of surficial deposits of comparable composition; 
older surfaces have smaller numbers. Letter symbols with arrows at the 
margins of the map indicate the modern sources of diagnostic lithologies. 
Inset: composite stratigraphic sequence. ~ 
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south, and the inevitable crossing of crit
ical erosional and depositional thresholds 
can surely account for much of the complex 
history of these surfaces. In addition, the 
steep slopes cut by the Santa Ana River and 
its tributaries on the flats are prone to 
local landsliding that origina tes near the 
top of the Santa Ana Sandstone (Fig. 15). 

Continue along Jenks Lake Road to the 
first paved intersection (1.8 miles from 
Highway 38). Take the left turn (north) on
to the lake access road and descend to the 
parking lot. On a crowded weekend parking 
can become impossible and this short detour 
might have to be eliminated. 

Benched Topograohy. Most of the access 
road to Jenks Lake exposes coarse surficial 
gravels. Immediately upslope from the park
ing lot, however, the Santa Ana Sandstone is 
exposed. Here the sandstone is again fine
grained, but includes clasts of the Pelona 
Schist. It is also possible to find rounded 
quartzite clasts nearby. They come from the 
basal parts of the overlying surficial grav
els. 

Jenks Lake is artificial (Stout, 1976b), 
but its location illustrates the benched 
nature of the flats. There are very steep 
slopes north and south of the lake depres
sion. These slopes strike east-west and 
cannot be explained by the modern drainage, 
although their height and morphology are 
comparable with the Santa Ana River thalweg. 
Ideally each of these slopes on the flats 
should be evaluated carefully in terms of 
possible paleochannel, fault scarp and land
slide scarp origins. Certainly these slopes 
spawn secondary landslides, and for many of 
them a primary landslide origin is plausible. 

A f ootpa th descends the slope north of the 
lake. In the upper part there are small, 
active slope failures and some engineering 
measures designed to protect the slopes and 
tourists from ~ach other. Farther down, the 
path 'passes from coarse surficial gra'vels 
into outcrops of the Santa' Ana Sandstone. 

The 'steep slope immediately south of Jenks 
Lake is one of the few in this area where no 
exposures of the Santa Ana Sandstone have yet 
been found beneath the colluvium. We later 
follow Jenks Lake Road obliquely across this 
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Figure 16. Relationship between South Fork 
drainage basin (ruled) and Barton Flats fan 
(light stipple). Dense stipple: Unconsol
idated glacial and colluvial deposits. Letter 
symbols as in figure 15. 

slope; the road cuts expose only coarse 
surficial gravels. 

Return to Jenks Lake Road and continue 
east. Take a left (north) turn at the inter
section with the road to Poopout Hill (1 N7 8). 
and park almost immediately below the 
intersection on the left side overlooking 
Jenks Lake. There is a view of Sugarloaf 
Mountain to the northeast. 

Having illustrated the geomorphic elements 
that make up the flats between Foresee Creek 
and Fish Creek, and acknowledged the preval
ence of small slope failures, let us turn to 
the proposition that the whole area might be 
a single landslide. Stout (l976a, 1982) 
advances four primary lines of evidence for 
this proposition: 1) derangement of the Santa 
Ana River around the toe, 2) the large eroded 
head scarp, 3) the abundance of secondary 
slides, and 4) the low shear strength of the 
Santa Ana Sandstone. Certainly large ancient 
slides can spawn concentrations of younger 
slides (see Reeder, this volume); but the 
material properties of the Santa Ana Sand
stone alone might account for the abundance 
of small slides. Thus, points 3) and 4) are 
permissive, but not compelling, indications 
that the whole area was once a single, 
relatively simple slide. 
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Derangement of the Santa Ana River. The 
Santa Ana River skirts the northern side of 
the flats, staying closer to the north side 
of the basin (Figs. 14-16), following a skew
ed arcuate course. It approximately follows 
the boundary between northwardly and south
wardly derived surficial gravels (Fig. 14). 
The primary mechanism by which these gravels 
entered the basin is certainly alluvial, and 
the south flank is evidently the more prolif
ic source. The small fan at the confluence 
with the modern Barton Creek illustrates how 
a lateral sediment source can displace the 
main thalweg. 

At times when Pleistocene ice was melting, 
the sediment yield from cirques on San Gor
gonio (Sharp, et al., 1959) was presumably 
more prolific than now. Figure 15 indicates 
gravel compositions on the flats and in the 
feeder drainages. The mixed gneiss and gran
itoid provenance (unit gg) requires an ad
mixture of granitoid clasts from large 
cirques above the gneiss outcrops. The area 
of deposition of this gravel facies corres
ponds closely with the fan-shaped area of 
Barton Flats (sensu stricto) the most 
aggraded, least incised portion of the whole 
flats. Figure 16 shows that the drainage 
feeding this gravel composition to the flats 
is by far the largest. Notice the "classic" 
fan morphology: an hourglass pattern of 
matched fan and catchment basin that meet at 
a fault-line scarp, and entrenched drainages 
that diverge and skirt the margins of the 
relict fan deposits. 

Northward displacement of the Santa Ana 
River seems to be an inevitable consequence 
of the northward progradation of surficial 
gravels throughout the flats. A small north
ward displacement can be recognized at the 
toe of Hathaway Flat; there is, perhaps, a 
broader one north of the mixed gneiss and 
granitoid fan. In the latter case small 
scale slumping of the incised toe of the fan 
continues the encroachment, even though the 
fan is inactive. A moderate southward dis
placement of the Santa Ana River may be 
recognizable at the foot of the Sugarloaf 
Mountain landslides (Fig. 15, 17). 

Given the volume of northward-prograding 
sediment, and the abundance of small-scale 
slope failures, it is difficult to separate 
any single component of the northward de-

rangement of the river that can confidently 
be attributed to wholesale landsliding from 
the south. Furthermore, we can be certain 
that the largest scale curvature of the Santa 
Ana River around the flats, from east of 
Fish Creek to west of Forsee Creek, is not 
attributable to the history of the flats 
alone, since the curve has an older template. 
Figure 14 shows that the river course para
llels the edge of the northwest plateau of 
the San Bernardino Mountains. The similarity 
is enhanced when the river course is cor
rected for the minor displacements discussed 
above. 

The factors that shaped this 2,000 ft bed
rock escarpment are surely the primary keys 
to the large scale course of the river, and 
the northward limit of the prograding flats. 
The crystalline rocks of the escarpment are 
in fault contact with the Santa Ana Sand
stone, and were not a source of clasts during 
the deposition of that formation (Sadler 
1985; Sadler and Demirer, 1986). The form 
of the escarpment is a product of reversed 
faulting, fluvial erosion, and southward 
slope failures. 

The head scarp (Figs. 14-15). The north
ern boundary of the San Gorgonio Massif is 
very steep and certainly faulted. It juxta
poses crystalline basement rocks with up
turned beds of the Santa Ana Sandstone, which 
had to be derived from the south before the 
San Gorgonio massif achieved its present form 
and position (Sadler, 1985; Sadler and 
Demirer, 1986). There are many landslides in 
the gneiss near the boundary. Elsewhere if 
the sou thern limit of the flats has the 
character of a scarp, those f ea tures must be 
evaluated in terms of the boundary fault. 
There is certainly great normal separation, 
and we have given evidence for right slip. 

It is particularly crucial to appreciate 
that the Santa Ana Sandstone, which dominates 
the Quaternary subcrop between Foresee Creek 
and Fish Creek, is not available anywhere in 
what might be called the head-scarp region. 
Unless the proposed large landslide achieved 
complete removal of Santa Ana Sandstone from 
the San Gorgonio Massif, it did not originate 
in tha t block. 

If the whole area between the San Gorgonio 
Massif and the Santa Ana River, from Fish 
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Figure 17. Map of landslides (stippled) around Sugarloaf Mountain. 

Creek to Foresee Creek, has failed in any 
unified way, only a composite, northward 
spread seems compatible with our mapping; it 
would have to be limited to the ar,ea under
lain by Santa Ana Sandstone (Fig. 15). Let 
us return to the earlier discussion of the 
derangement of the Santa Ana river. We can ' 
quickly determine the amount of northward 
spreading beneath the flats that would be re
qu'ired to account for all bf the curve of the 
thalweg east of Foresee Creek; it would have 
to be · at least 100%. All the secondary 
scarps together do not seem adequate for such 
extreme extension, and it is possible that 
some of them are related to faulting and 
stream terracing and should not be counted. 

Basal Shear Surface. Limited lateral 
spreading into the actively incIsIng Santa 
Ana River course seems to be the only land
slide model that might be plausibly applied 
to the whole flat. No basal shear surface 
has been seen. As depicted in Stout's 
(1976a, 1982) speculative cross section it 
would have to lie at, or below, the current 
level of the Santa Ana, River.. Noti~e, 
however, th·at the deeper one seeks to place .a 
basal shear. surface, the more .this requires 
that the Santa Ana River channel was onCe 
lower, relative to the flats. The Santa Ana 
River thalweg is cut down into the Santa Ana 
Sandstone in many places~ and has a bedrock 
gorge downstream of the Flats. Santa Ana 
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River terraces can be recognized by basalt 
and marble clasts derived upstream of the 
fla ts; they are very limi ted rela ti ve to the 
laterally derived sediments. There is every 
indication that the Santa Ana River has been 
cutting down and flushing through the valley 
sediment rather consistently during the 
uplift of the basin. 

Summary. In conclusion, there seems to be 
no unequivocal evidence on these flats for 
the proposition of an all-encompassing land
slide; indeed, applying the principle of 
simplicity, one should attribute the large
scale physiography to the progradation flllv
io-glacial sediment from the south. Small
displacement spreading and slumping, seated 
in the Santa Ana Sandstone, is probably wide
spread between Foresee Creek and Fish Creek. 
It can account for the secondary benching of 
the fan physiography and the local reversed 
slopes such as those on Barton Flats. 

The landslide proposition provided us a 
powerful focus while marshalling our thoughts 
and geomorphic data, but the lasting impres
sion is that the gross physiography of Barton 
Flats better resembles an alluvial fan. Many 
of the modern physiographic details are 
related to the action of the debris flows and 
streams that introduced the coarse, prograd
ing fan gravels. Small scale landsliding and 
a few faults can account for the rest. 

We are dealing here with a combination of 
physiographic elements that is quite unexpec
ted in Southern California: alluvial fan 
morphology in a forest belt, extremely high 
fluvio-glacial alluviation rates, and sus
tained uplift of both the source and the 
entire area of alluviation. It is also 
unusual, if not uncomfortable, for us to be 
presenting arguments against a landslide 
hypothesis. 

Granite Peaks 

w. 

Sugarloaf Mountain 

The same vantage point above Jenks Lake 
affords an excellent view of bedrock land
slides on the south side of Sugarloaf Moun
tain (Fig. II, 17). They are mostly within 
quartzite and underlying gneiss and have been 
mapped by Mcjunkin (1976) and by Powell 
et al. (1983). The tops of the slides are 
evident as arcuate depressions filled with 
blocky quartzite rubble. At the toes there 
are crushed zones, but within much of the 
slide material the stratigraphy of the meta
sediments is recognizable. One of us (Sad
ler, 1981) has provided an example of bedrock 
mapping here that failed to recognize the 
landslides but, nevertheless, found evidence 
of downslope movemen t (interpreted as normal 
faults and thusts!). 

Figure 17 shows the advantage of combining 
the bedrock mapping with geomorphic awareness 
of landslides. At the base of the quartzite 
sequence is a thin but very distinctive con
glomerate. When mapped in and around land
slides, this marker unit indicates the amount 
of displacement. Where the basal conglomer
ate is absent between the quartzite and the 
older gneiss we are warned to suspect a fault 
or slide con tact. The area serves well for 
mapping courses. For those mapping bedrock 
problems, we note that with each remapping 
of this area, we recognize more landslides, 
and consequently see more clearly the older 
bedrock structures. 

Figure 15 shows a key outcrop of quartzite 
slide breccia south of the Santa Ana river. 
It crops out on the steep north face of 
Barton Flats, between the Santa Ana Sandstone 
and the fluvio-glacial gravels. This is evi
dence that the flank of Sugarloaf Mountain 
was sliding into the basin before the influx 
of Pleistocene gravels. 

Figure 18: View of Granite Peaks from Highway 38, north of Onyx summit. 
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Figure 19. View of Granite Peaks from Highway 18, at Nelson Ridge. 

Continue east on Jenks Road to Highway 38. 
The road traverses steep scarps on Barton 
Flats. At Highway 38 turn right (east) and 
descend the steep north face of the Barton 
Flats fan, cut during incision of the Santa 
Ana River. Parking possibilities are lim
ited, but rewarding, where the road winds 
steeply down hill. Near the top of the grade 
there are good views of the landslides on 
Sugarloaf Mountain. Near the bottom, the 
Santa Ana Sandstone crops out beneath the 
unconf orma ble cover of gravels. 

From this point it is possible to return 
via Highway 38, or continue to Bear Valley 
and reach the San Bernardino valley via High
ways 18 and 330. We conclude with brief 
reviews of some 7l0table landslides that may 
be reached from Highways 18 and 330. 

Granite Peaks. 

Follow Highway 38 over Onyx Summit. On 
the descent to Big Bear City there are views 
northeast to the level summit line of the 
Granite Peaks (Fig. 18). For a better view 
of the slides at the northern end (Fig. 19), 
proceed to Big Bear City. Turn right at the 
first stoplight; cross the valley east of the 
airport; turn right again onto Highway 18 
toward Lucerne Valley. Follow Highway 18 
around Baldwin Lake and up onto Nelson Ridge. 
Park in a wide area on the right at the crest 
of the ridge, opposite snow fences. Figure 
19 depicts the view to the north. 

The visible side of the Granite Peaks is 
dominated by outcrops of a biotite quartz 
monzonite and a garnet-muscovite granite 
(Figs. 19, 20). Matti et al. (1982) recog
nized that the northwest end of the mountain 
was a large, composite, bedrock slide in 
quartz monzonite. The upper part of the 
slide is relatively intact. Canyons near the 
toe expose a blocky granitic rubble that 
Dverlies schists, gneisses and thin marble 
beds. On a ridge to the north Matti et al. 
(1982) recognized a second large slide. This 
one has hummocky topographic expression, and 
a well exposed slide plane. The slide mater
ial is gneIsSIC. Curiously there is no 
obvious upslope source for the slide mater
ial, but this is a general problem for Gran
ite Peaks. There are at least two unconsol
idated gravel units atop the Peaks with 
different compOSItIons (Fig. 20) and no 
sources upstream (Sadler 1982). Evidently 
the Granite Peaks have been fashioned by 
relatively young tectonism. 

Return to Big Bear City, or descend to the 
desert to visit the Blackhawk Landslide. 

Blackhawk Landslide 

A famous example of a rock avalanche, the 
Blackhawk Landslide (Woodford and Harriss, 
1928; Shreve, 1968; Johnson, 1978), 
descended the northern escarpment of the San 
Bernardino Mountains into Lucerne Valley 
(Fig. 21). The slide is composed of brec-
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Figure 20. Map of bedrock landslides (stippled) at Granite Peaks. In part 
after Matti et ale (I982). Triangles: talus. 

ciated marble; its surface is locally almost 
lithified, and experiences minimal rainfall, 
so it is very well preserved. 

Access to the slide is easy. Follow High
way 18 down the north face of the mountains 
to the Kaiser cement plant. Bear right 
(north) onto the Camp Rock Road and turn 
right (e.ast) onto the Old Woman Springs Road. 
The toe oj the avalanche deposit lies just 
south oj this road. 

An excellent field guide, that gives 
directions within the slide deposit, has 
recently appeared in the Centennial Field 
Guide of the Geological Society of America 
(Shreve, 1987). We would add only that the 

la test mInIng roads in the source region of 
Blackhawk Canyon have exposed crystalline 
basement rocks that are extensively altered 
to clays. This altered basemen t is part of a 
huge lens riding in the range front (Santa 
Fe) thrust zone. The marble breccia source 
is of the Blackhawk slide crops out in the 
upper plate of this thrust (Sadler, 1982). 
The local presence of the lens of gneissic 
basement can account for the arching of. the 
thrust plane in :Blackhawk Canyon; the alter
ation products probably provided a very weak 
poten tial slide plane. 

Running SpriDg~ and Rim Forest. 

The route to San Bernardino from Big Bear 
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Figure 21. The Blackhawk landslide (stippled). Schematic map (a) showing 
surface ridges and oriented for comparison with oblique aerial view (b). 
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Figure 22. Flood control-, debris-, and percolation-basins (black) at 
the foot of the San Bernardino Mountains along the San Andreas fault. 

City crosses a small bedrock flat at Running 
Springs, on the edge of the northwest plateau 
region of the mountains. Reeder (this vol
ume) describes active landsliding here and 
indicates the presence of a large, ancient, 
bedrock landslide. Hanson et al. (this vol
ume) make the case that the site of the town 
of Rim Forest, a' bench farther west along the 
escarpment, is probably another ancient land
slide. 

San Bernardino Basin. 

Descending to the San Bernardino basin it 
is easy to appreciate that debris flows 
anslng in the steep basins along this 
e,scarpment pose a serious threat to the urban 
d'evelopment below. Figure 22 shows the ser
ies of debris basins, flood control basins, 
and percolation basins at the foot of the 
mountains that are desig.ned to intet:cept the 
water and sediment. Slosson et al. (this 
'volume) describe the tragic history of 
Harrison Basin, one of the smaller -flood 
control structures. Figure 23 illustrates 
how Harrison Basin and associated flood 
control structures became surrounded and 
constrained by urban development. 

ACKNOWLEDGEMENTS 

This paper was substantially improved by 
suggestions from Dave Keefer, Rich Minnich, 
Wes Reeder, . and especially Bob Fleming. 
Perry Ehlig introduced one of us (PMS) to the 
Seven Pines landslide. 

REFERENCES 

Cameron, C. S., 1981, Geology of the Sugar
loaf and Delamar Mountain areas, San Bern
ardino Mountains, California [Ph.D. dis
sertation]: Massachussets Institute of 
Technology, Cambridge, 399 p. 

Demirer, A., 1985, The Mill Creek Formation -
a strike-slip basin filling in the San 
Andreas fault zone, San Bernardino County, 
California [MS-thesis]: University of 
California, Riverside, 108 p. 

Dibblee, T. W., 19643.,. ·Geologic Map of . the 
.Lucerne Valley quadrangle, San Bernardino 
County, California, U.S. Geological Sur
vey, Miscellaneous Geological Investig
ations Map 1-426, 1 :62,500. 

___ , 1964b, Geologic Map of the San Gor
gonio quadrangle, San Bernardino and Riv
erside Counties, California, U. S. Geolog-



1893 I 
I 

(
/ ( 

.c. 
~l 

D
:- / ~I 

./ ~. 
/ :!i ...... 

~i 
.c: 
'-1 
~: 

.\ 
LA-l. : 

! 
I 

~ ; 

/.,/ 
P 

./' 
) 

/ 
It:] 

: ..... :j A.T. & S. F. \ 
~ I I I I ---h--.~ 

! ! ...... ~ ............. ,_,-+-I _, 
V 

1936 ) . 
/ (" 1(.'/ 
: I ~. 
\: / 

J.:., /)\~~,\ ./ 
-: / ~. O/D 
... / ., ,1 Ir;.::") 

'.' , ~ 
:.: / I ,: II 

/0 • 

/1 • :\\ 
: " /1 \ :. 
: l /. I • .• 
: . . . 

%> ! :1 J 
. . I' , 

::>:-: n.. r.1 ~: .. ,";< •• r-:~~!:I . ..: 
..... ::] I:-;'~/? I I~ ~ . i ~ 

Figure 23. The history of development near the Harrison Canyon debris basin. 
From U.S.G.S. topographic maps. 

1967 1973 

........ _ .. Water course 

--- Artificial berm 

o Urban development 

N 

t 
"f-+-+Railroad 

~ Freeway 

1 km 
t=====tl pm s 



384 Sad ler and Morton 

ical Survey, Miscellaneous Geological In
vestigations Map 1-431, 1:62,500. 
__ -" 1967a, Geologic Map of the Morongo 

Valley quadrangle, San Bernardino and Riv
erside Counties, California, U.S. Geolog
ical Survey, Miscellaneous Geological In
vestigations Map 1-517, 1:62,500. 

----' 1967b, Geologic Map of the Old Woman 
Springs quadrangle, San Bernardino County, 
California, U.S. Geological Survey, Mis
cellaneous Geological Investigations Map 
1-518, 1:62,500. 

__ -,' 1968, Geologic Map of the Redlands 
quadrangle, California, U.S. Geological 
Survey, Open-file Map 74-1022, 1:62,500. 

Gibson, R. C., 1964, Geology of a portion of 
the Mill Creek area, San Bernardino Coun
ty, California [M.S. thesis]: University 
of California, Ri verside, 50 p. 

__ -" 1971, Non-marine turbidites and the 
San Andreas fault, San Bernardino Moun
tains, California, in Elders, W. A., 
(ed.), Geological excursions in southern 
California: University of California, Riv
erside, Campus Museum Contributions, v. 1, 
p. 167-181. 

Jacobs, S. E., 1982, Geology of a part of the 
Upper Santa Ana River Valley, San Ber
nardino Mountains, San Bernardino County, 
California, Unpublished MS.-thesis, Cali
fornia State University, Los Angeles, 
107 p. 

Johnson, B., 1978, Blackhawk landslide, Cali
fornia, U.S.A., in Voight, B., (ed.), 
Rockslides and avalanches, I: Natural 
phenomena: Elsevier Scientific Publishing 
Company, AIDsterdam, P. 481-504. 

Matti, J. C., 1984, Preliminary landslide map 
of the Yucaipa 7.5 minute quadrangle, Cal
ifornia, U. S. Geological Survey, Open 
File Report, 84-520. 

Matti, J. C., Cox, B. F., Rodriguez, E. A, 
Obi, C. M, Powell, R. E., Hinkle, M. E., 
Griscom, A., Sabine, C., and Cwick, G. 
J., 1982, Mineral resource potential map 
of the Bighorn Wilderness study area 
(CDCA-217), San Bernardino County, Cali
fornia: U. S. Geological Survey Map MF-
1493A, 1:48,000. 

Matti, J. C., Morton, D. M and Cox, B. F., 
1985, Distribution and geologic relations 
of fault systems in the vicinity of the 
central Transverse Ranges, southern Cali
fornia: United States Geological Survey, 
Open-file Report 85-365, 23 p. 

May, S. R., and Repenning, C. A., 1982, New 

evidence for the age of the Old Woman 
Sandstone, Mojave Desert, southern Cali
fornia, in Cooper, J. D., compiler, Geo
logic Excursions in the Transverse Ran
ges: Geological Society of America, Cord
illeran Section, Field Trip Guidebook 6, 
p. 93-96. 

Mcjunkin, R., 1976a, Geology of a portion of 
the central San Bernardino Mountains, 
San Bernardino County, California, in 
Stout, M. L. (ed.), Geologic Guide to the 
San Bernardino Mountains, Southern Cali
fornia: Association of Engineering Geo
logists, p. 69. 

__ -" 1976b, Geology of a portion of the 
central San Bernardino Mountains, San 
Bernardino County, California, Unpublished 
MS.-thesis, California State University, 
Los Angeles, 102 p. 

Meisling, K. E. and Weldon, R. J., 1982, The 
late Cenozoic structure and stratigraphy 
of the western San Bernardino Mountains: 
in Cooper, J. D. (compiler), Geologic 
Excursions in the Transverse Ranges, 
Sou thern California: Cordilleran Section 
of the Geological Society of America, p. 
75-81. 

Morton, D. M., 1974, Generalized geologic 
map of southwestern San Bernardino County, 
in Geologic hazards in southwestern San 
Bernardino County: California Division of 
Mines and Geology, Special Report 113. 

Morton, D. M, Cox, B. F., and Matti, J. C., 
1980, Geologic map of the San Gorgonio 
wilderness, San Bernardino County, Cali
fornia. United States Geological Survey, 
Miscellaneous Field Studies, Map MF-
1161-A. 

Owens, G. V., 1959, Sedimentary rocks of 
lower Mill Creek, San Bernardino Moun
tains, Unpublished M A. thesis: Claremont 
Grad ua te School, 50 p. 

Powell, R. E., Matti, J. C., Cox, B. F., Oli
ver, H. W., Wagini, A., and Campbell, H. 
W., 1983, Mineral resource potential map 
of the Sugarloaf road less area, San Bern
ardino County, California: United States 
Geological Survey, Miscellaneous Field 
Studies, Map MF-1606-A. 

Sadler, P. M., 1981, The structure of the 
northeast San Bernardino Mountains: notes 
to accompany 7.5 minute quadrangle maps 
submitted for compilation onto the San 
Bernardino I by 2 degree quadrangle: 
California Division of Mines and Geology, 
Final technical report, Contract 5-1104, 



26 p., 12 maps. 
__ 1982, Provenance and structure of late 

Cenozoic sediments in the northeast San 
Bernardino Mountains, in Cooper, J. D., 
compiler, Geologic Excursions in the 
Transverse Ranges: Geological Society of 
America, Cordilleran Section, Field Trip 
Guidebook 6, p. 83-91. 

__ 1985, Santa Ana Sandstone: its proven
ance and significance for the late Ceno
zoic history of the Transverse Ranges, 
in Reynolds, R. E., ed., Geologic inves
tigations along Interstate 15, Cajon Pass 
to Manix Lake, California: Redlands, San 
Bernardino County Museum, p. 69-78. 

Sadler, P. M and Demirer, A., 1986, Pelona 
Schist clasts in the Cenozoic of the San 
Bernardino Mountains, southern California, 
in Ehlig, P. L., (ed.), Neotectonics and 
faulting in southern California: Geologic
al Society of America, Cordilleran Sec
tion, 82nd Annual Meeting, Guidebook and 
Vol ume, p. 129-146. 

Sadler, P. M, and Reeder, W. A., 1983, 
Upper Cenozoic, quartzite-bearing gravels 
of the San Bernardino Mountains, southern 
California: recycling and mIxIng as a 
result of transpressional uplift, in 
Andersen, D. W. and Rymer, M. J., eds, 
Tectonics and sedimentation along faults 
of the San Andreas system: Society of 
Economic Paleontologists and Mineralog
ists, Pacific Section, p. 45-57. 

Smith, R. E., 1959, Geology of the Mill 
Creek area [MA. thesis]: University of 
California, Los Angeles, 95 p. 

Sharp, R. P., Allen, C. R., and Meier, M. 
F., 1959, Pleistocene glaciers on south
ern California Mountains: American Jour
nal of Science, v. 257, p. 81-94. 

Shreve, R. L., 1968, The Blackhawk landslide: 
Geological Society of America, Special 
Paper 108, 47 p. 

___ -', 1987, Blackhawk landslide, south
western San Bernardino County, California, 
in Hill, M L. (ed.), Cordilleran Sec
tion of the Geological Society of America: 
Geological Society of America, Centennial 
Field Guide, v. 1, p. 109-114. 

Santa Ana Basin 385 

Strathouse, E. C., 1982, The Santa Ana Sand
stone, (Miocene, in part), and evidence 
for late Cenozoic orogenesis in the San 
Bernardino Mountains, in Cooper, J. D. 
(compiler), Geologic Excursions in the 
Transverse Ranges, Southern California: 
Cordilleran Section of the Geological 
Society of America, p. 97-102. 

___ 1983, Late Cenozoic fluvial sediments in 
Barton Flats and evidence for orogenesis, 
San Bernardino Mountains, San Bernardino 
County, Southern California [M.S. thesis]: 
University of California Riverside, 127 p. 

Stout, M. L., 1976a, Barton Flats Landslide, 
in Stout, M. L. (ed.), Geologic Guide to 
the San Bernardino Mountains, Southern 
California: Association of Engineering 
Geologists, p. 65-68. 

___ , 1976b, San Bernardino Mountains, geo
logic road log, in Stout, M. L. (ed.), 
Geologic Guide to the San Bernardino Moun
tains, Southern California: Association of 
Engineering Geologists, p. 5-29. 

___ , 1977, Radiocarbon dating of landslides 
in southern California: California Geol
ogy, v. 30, p. 99-105. 

__ -" 1986, Barton Flats landslide, San 
Bernardino Mountains, southern California, 
in Fife, D. L. and Minch, J. A. (eds.), 
Geology and Mineral Wealth of the Cali
fornia Transverse Ranges: South Coast 
Geological Society, p. 634-636. [Reprint 
of Stout, 1976a] 

Vaughan, F. W., 1922, Geology of the San 
Bernardino Mountains north of San Gorgonio 
Pass: University of California, Public
a tions in the Geological Sciences, v. 13, 
p. 319-411. 

West, D. L., 1987, Geology of the Wilson 
Creek-Mill Creek fault zone: the north 
flank of the former Mill Creek basin, San 
Bernardino County, California: MS.
thesis, University of California, River
side, 95 p. 

Woodford, A. 0., and Harriss, T. F., 1928, 
Geology of Blackhawk Canyon, San Bernard
ino Mountains, California: University of 
California, Publica tions in Geological 
Sciences, v. 17, p. 265-304. 



386 Advertisements 

STEVEN MAINS 

Hydrologic data for the Santa Ana River Watershed 
Western Municipal Water District of Riverside Co. 

450 Alessandro Boulevard 

Riverside CA 92508 
(714) 780-4170 

FLOYD J. WILLIAMS PhD 

Professor of Geology 
San Bernardino Valley College 

701 S. Mt. Vernon Ave. 

San Bernardino CA 92410 

(714) 888-6511 

GORDON A. CLOPINE 

Registered Geologist 

CLOPINE GEOLOGICAL SERVICES 

13093 Burns Lane 
Redlands CA 92373 

(714) 794-6700 

LEWIS S. LOHR 

Registered Geologist 

LEWIS S. LOIIR & ASSOCIATES 

40811 Le Grande 
Hemet CA 92343 

(714) 658-1048 


