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UNITS

Metric (Systéme International [SI]) units are the main units of measurement in this volume. Rain-
fall is reported principally in millimeters, but conversion to inches is provided in the text as an aid
to readers in the United States. Conversion of other units is facilitated by the table below.

CONVERSION FACTORS
To convert from to multiply by
LENGTH
millimeters (mm) inches 0.039370
meters (m) feet 3.2808
kilometers (km) miles 0.62137
AREA
square meters (m?) square feet 10.764
hectares (ha) acres 2.4710
square kilometers (km?) square miles 0.38610
VOLUME
cubic meters (m®) cubic feet 35.315
cubic meters (m®) cubic yards 1.3080
cubic meters (m®) acre-feet 0.00081071
liters (L) U.S. gallons 0.26417
VELOCITY
meters per second (m/s) feet per second 3.2808
kilometers per hour (km/h) miles per hour 0.62137
FLOW
cubic meters per second (m3/s) cubic feet per second 35.315
FLOW PER UNIT AREA
cubic meters per second per square cubic feet per second per square 91.465
kilometer [(m3/s)/km?] mile
MASS
megagrams (Mg) tons (2,000 Ib mass) 1.1023
MASS PER UNIT AREA
megagrams per square kilometer tons per square mile 2.8550
(Mg/km?)
DENSITY
kilograms per cubic meter (kg/m®) pounds per cubic foot 0.062428
grams per cubic centimeter (g/em®) pounds per cubic inch 0.036127

FORCE PER UNIT AREA
kilopascals (kPa) pounds force per square inch (psi) 0.14504






LANDSLIDES, FLOODS, AND MARINE EFFECTS
OF THE STORM OF JANUARY 3-5, 1982,
IN THE SAN FRANCISCO BAY REGION, CALIFORNIA

INTRODUCTION

By StepHEN D. ELLEN, GERALD F. WIECZOREK,
WiLLiam M. Brown III, and Darrerr G. Herp,
U.S. GEoLocICAL SURVEY

A catastrophic rainstorm in central California on Jan-
uary 3-5, 1982, dropped as much as half the mean annual
precipitation within a period of about 32 hours, trigger-
ing landslides! and floods throughout 10 counties in the
vicinity of the San Francisco Bay (fig. 1). More than
18,000 of the slides induced by the storm transformed into
debris flows that swept down hillslopes or drainages with
little warning. Debris flows damaged at least 100 homes,
killed 14 residents, and carried a 15th vietim into a creek.
Shortly after rainfall ceased, more than 459,000 m? of
earth and rock slid from a mountainside above the com-
munity of Love Creek in Santa Cruz County, burying
10 people in their homes (Cotton and Cochrane, 1982).
Throughout the bay region, thousands of people vacated
homes in hazardous areas, entire communities were
isolated as roads were blocked, public water systems were
destroyed, and power and telephone services were
disrupted. Altogether, the storm damaged 6,300 homes,
1,500 businesses, and tens of kilometers of roads, bridges,
and communication lines. Preliminary rough estimates of
total storm damage, compiled for emergency purposes
within 2 weeks of the storm, exceeded $280 million (U.S.
Federal Emergency Management Agency, 1982, p. 9-10).
Carefully documented direct costs from landslides ex-
ceeded $66 million (chap. 11); total costs from landslides
certainly were greater and probably constituted a much
larger proportion of the total storm damage than sug-
gested by these disparate figures. Landslides accounted
for 25 of the 33 deaths attributed to the storm (fig. 2).

The most abundant destructive landslides were debris
flows,? which elsewhere have been called debris ava-
lanches, mudflows, or mudslides. Before the storm, debris
flows had been recognized locally in the San Francisco
Bay region (Smith and Hart, 1982, p. 150), but their poten-

'In this volume, “landslide” is used as a general term for various mass-movement processes,
including debris flow. The principal classes of landslides caused by the storm were slides and
flows, as these terms were defined by Varnes (1978).

#In almost all documented cases, debris flows caused by the storm began as shallow slides,
so movement involved both sliding and flow. For simplicity, we generally use the term *debris
flow" for this complex movement.

tial for widespread and devastating impact was not fully
appreciated, partly because they had occurred only local-
ly in the years since population spread into susceptible
steep terrain. Evaluations of landslide hazard in the bay
region had largely overlooked these relatively small,
shallow landslides and focused, instead, on the larger,
deeper, generally slower moving landslides that have pro-
duced distinctive features and perennial damage over
much of the region (for example, Nilsen and others, 1979).
Thus, the scientific and planning communities, as well as
the general population, were not prepared for the sud-
den and devastating impact of debris flows during the
storm.

As the magnitude of the disaster became apparent,
geologists and engineers from consulting firms, local
governments, colleges, universities, the U.S. Soil Conser-
vation Service, the California Division of Mines and
Geology, and the U.S. Geological Survey began examin-
ing evidence left by the storm. The region was recon-
noitered by automobile, helicopter, and light airplane,
aerial photographs were flown, eyewitnesses were inter-
viewed, and the features left by landslides and floods were
mapped and sampled. Documentation and analysis of the
storm events benefitted from the large number of in-
vestigators and from public interest in the phenomena.

The contributions in this volume represent the fruit of
these studies. The various chapters address most of the
significant aspects of the storm and its effects. Excellent
overviews of the storm are provided elsewhere (Griggs,
1982; Santa Cruz Sentinel, 1982; Smith and Hart, 1982;
Brown and others, 1984).

The sequence of chapters begins with a historical set-
ting of the storm by Brown, then proceeds through discus-
sions of rainfall, debris flows, flooding, and marine effects.
Rainfall is discussed in several chapters. Mark and New-
man describe storm rainfall and prestorm seasonal rain-
fall on the basis of observations from as many as 750
stations throughout the region, and they determine the
rainfall amounts that show significant correlation with
damaging landslides. Cannon and Ellen use hourly records
from recording gages and known times of nearby debris

1



2 THE STORM OF JANUARY 3-5, 1982, IN THE SAN FRANCISCO BAY REGION, CALIFORNIA

flows to define the hourly rainfall conditions that trig-
gered debris flows. Cannon compares rainfall records
from the storm with records from other major storms in
the region to define threshold storm-rainfall conditions
for abundant debris-flow activity. Wieczorek and Sarmi-
ento relate rainfall in a study area to the occurrence of
debris flows and to measured ground-water levels over
an 8-year period spanning the storm.
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Debris flows resulting from the storm are described
by Ellen, who examines the mechanics of shallow slides
and analyzes the transformation from slide to flow.
Distribution of debris flows is documented on inch-to-
the-mile maps of most of the bay region, the areas
shown in figure 2 as having an appreciable concentration
of debris flows. Distribution in Marin County is analyzed
by Ellen and others; distribution in the rest of the bay
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FIGURE 1.—Shaded relief map showing the 10 counties in the San Francisco Bay region, Calif.



region is discussed by Wieczorek and others. Howard
and others provide detailed descriptions of debris
flows and other landslides that occurred in the city of
Pacifica. Smith describes a method for mapping suscept-

INTRODUCTION

3

the distribution of debris flows in a small part of
San Mateo County. Costs of landslide damage from
the storm are compiled by Creasey. The Love Creek
landslide is described elsewhere (Cotton and Cochrane,

ibility to debris flows and checks his method against | 1982).
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FIGURE 2.—San Francisco Bay region, showing distribution of mapped debris flows and locations of deaths caused by landslides in the January
3-5, 1982, storm.
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Flooding is addressed by several studies in the Santa
Cruz Mountains. Griggs describes the impacts of flooding
on the San Lorenzo River, Soquel Creek, and Aptos
Creek, and discusses the implications for flood-hazard
mapping. Blodgett and Poeschel describe areal variations
in rainfall, floodflow, and recurrence intervals, and they
compare the flood with other historical floods, notably that
of December 1955. Nolan and Marron describe sediment
transport and the response of stream channels to the com-
bination of floodflow and landslide processes.

Discussion of marine effects completes our portrayal of
the storm. An ephemeral delta created by the storm at
the mouth of Aptos Creek in Monterey Bay is deseribed
by Richmond. Anima and others deseribe the sediment
generated by the storm in Tomales Bay and changes in
this sediment during the months after the storm.

In summary, the authors of this volume document the
effects of an exceptional rainstorm and analyze the phys-
ical processes involved. Their studies elucidate the processes
of landsliding and flooding that operated during the
storm, and thereby provide basic information toward
predicting hazards from future storms. The chapters are
technical, but interesting and useful information can be
gleaned by the general reader or public official.

TERMINOLOGY

In this volume, “landslide” is used as a general term
encompassing various mass-movement processes, in-
cluding debris flow. The principal classes of landslides
caused by the storm were slides and flows, and these
terms, as well as most specific landslide terms, are here
used in the sense defined by Varnes (1978).

The principal landslides caused by the storm were rapid
flows that developed from shallow slides. Such landslides
have been called by various names, including debris ava-
lanche (Sharpe, 1938), soil slip-debris flow (Campbell, 1975),
flow slide (Hutchinson, 1968), soil avalanche (Wentworth,
1943; Keefer, 1984), and disintegrating soil slip (Kesseli,
1943). For convenience, in this volume these complex
landslides generally are referred to simply as debris flows.

This broad usage of the term “debris flow” involves two
simplifications. First, the landslides that involved both
sliding and flow are called simply flows, even though both
sliding and flow are critical to the process, sliding deter-
mining the timing and location of initiation, flow deter-
mining the path and rate of movement. A more complete
term for the complex movement is soil slide/debris flow?

“Varnes (1978) used a hyphen or dash to join such compound terms, as in soil slip-debris flow,
but in this volume we use a slant (or solidus) because use of the hyphen is confusing—it appears
to join the middle two words of the four-word term, rather than separating the two elements
of the complex landslide. The slant is appropriate for this function because it is an accepted
punctuation mark for distinguishing separate elements of a compound term where a hyphen
would lead to confusion.

or, as we prefer, soil slip/debris flow (Campbell, 1975),
and these or similar combined terms are used where the
distinction between slide and flow is useful, particularly
in chapter 6.

The second simplification is that the flows designated
“debris flows”” include mudflows, debris avalanches, and
debris torrents. Mudflows (Varnes, 1978) are included
because many flows in the storm involved predominant-
ly fine-grained soils rather than the predominantly coarse
materials designated debris. Debris avalanches (Sharpe,
1938; Varnes, 1978) are included because the velocity of
many, if not most, flows in the storm exceeded 3 m/s
(10 km/h).* Debris torrents (Swanston and Swanson, 1976)
are included because some flows during the storm in-
volved abundant coarse organic debris and entrained
much additional material from stream channels. Our
inclusion of mudflows, debris avalanches, and debris
torrents under the term “debris flow” is justified by the
rheologic similarity of these processes (Costa, 1984;
Johnson, 1984; Pierson and Costa, 1984).

“Soil” is used here in the engineering sense of uncon-
solidated earth material. A cover of soil, called soil cover,
soil mantle, or regolith, blankets bedrock in hillside ter-
rain of the region and was the source of most debris flows
in the storm.
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INTRODUCTION

Many severe rainstorms and winter seasons of heavy
rainfall have been observed in central coastal California
(fig. 1.1) since the European colonization of the area in
the late 1700’s. Perceptions of the severity of these storms
and seasons have varied greatly, depending on the
numbers of people affected, the economic base for com-
puting property losses, and the areal extent of reliable
observations of the amount and intensity of precipitation
and the flow of rivers. The most severe winter in terms
of precipitation probably was that of 1861-62 (Waananen
and others, 1977, p. 8). The storms of that season ap-
parently were regional and pervasive, and flooding of
great magnitude occurred in the San Francisco Bay region
(fig. 1.2) and throughout the rest of California in response
to frequent heavy rains in coastal areas and runoff from
a massive snowpack in the Sierra Nevada. Frequent,
major flood-producing seasons occurred in central coastal
California between 1879 and 1915, a period that was
followed by 22 years of less damaging or nondamaging
precipitation seasons, except for the wet winter of
1926-27 (table 1.1). From 1937 to 1982, the bay region
was struck by damaging rainstorms at a rate of about once
every 3 years.

Table 1.1 lists the periods of heavy rain that have
resulted in major flooding and other damage in coastal
California since 1861. Table 1.1 also shows the approx-
imate geographic extent of damage due to rainstorms,
measured in those coastal counties where severe flooding
or other major damage was reported during the indicated
period. Since the early 1950’s, when the Governor of
California was given legislative authority to proclaim
states of emergency or disaster and to request Federal
disaster assistance, proclamations related to rainstorms
and floods were entered on 40 occasions for coastal

California. During this period, part or all of the San Fran-
cisco Bay region was declared a State or Federal disaster
area 18 times.

REGIONAL AND LOCALIZED STORMS

The disastrous events listed in table 1.1 resulted
primarily from two appreciably different and extreme
rainfall patterns (Weaver, 1962, p. 1). One pattern is a
series of regional storms wherein the terrain is saturated
by persistent rainfall over periods of several weeks. The
other pattern is a localized storm of high precipitation in-
tensity, wherein rainfall lasts for a few hours to a few days
and may or may not fall on presaturated ground. Both
patterns may cause severe flooding. The regional storms
tend to result in high volumes of flow on the main stems
of major rivers as tributary inflow collects from many
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Figure 1.1.—California, showing location of the San Francisco Bay
region and outlines of principal physiographic regions. Modified from
Bailey (1966).
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thousands of square kilometers of drainage area. Local-
ized storms tend to generate floodflows on smaller
streams but lack the areal extent and duration to cause
flooding of major rivers. Generally, rainfall patterns
between these two extremes lack combinations of pre-
cipitation intensity, duration, or areal extent sufficient to
cause flooding of either large or small streams.
Regional storms characteristically move over the North
Pacific Ocean onto about one-half to two-thirds of the
Pacific coastline between British Columbia, Canada, and
Baja California, Mexico. Examples of such storms are
those that occur commonly during California’s rainy
season of October to May each year. When regional
storms persist and follow one another along the same
general path, heavy flooding may result throughout major
river basins in Washington, Oregon, California, and ad-
jacent States. Such flooding has occurred frequently in
historical time, notably during the recent major flood
seasons of 1955-56, 1964-65, 1968-69, 1977-78, and
1979-80. The storms of December 1955-January 1956
caused what were at the time record streamflows in the
west third of Nevada, the north two-thirds of California,
western Oregon, a third of western Idaho, and minor
parts of Washington (Hofmann and Rantz, 1963, p. A1).
Most of those streamflows were exceeded during the
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FIGURE 1.2.—San Francisco Bay region, showing locations of the 10
counties in the vieinity.

December 1964-January 1965 floods that affected most
of Oregon, southernmost Washington, northern Califor-
nia, western Idaho, and westernmost Nevada and
Montana (Rantz and Moore, 1965, p. 3). The January-
February 1969 storms caused record flooding throughout
southern California (Waananen, 1969), and storm se-
quences during December 1977-March 1978 and
January-February 1980 (Brooks, 1982a, b) hit central and
southern California and carried heavy flooding eastward
into southern Nevada and central and southern Arizona
(Wahl and others, 1980; Aldridge, 1982).

The 1955-56 storms are significant in the context of
this volume in that they affected the entire San Francisco
Bay region, whereas the 1964-65 storms primarily hit
areas to the north of San Francisco, and the 1979-80
storms flooded areas mostly to the south of there (fig. 1.2).
Thus, the 1955-56 floodflows hold the distinction of being
generally the greatest of the 20th century over the San
Francisco Bay region, except in isolated places in Alameda
County in 1962 and in Santa Clara County in 1911
(Waananen and others, 1977, p. 8). Hofmann and Rantz
(1963, p. Al) described the 1955-56 storms as follows:

The floods were caused by a series of storms from December 15 to
January 27; three occurring between December 15 and 27 and three
more from January 2 to 27. In all but a few areas the storm of December
21-24 was the most severe. The storms all reflected the effect of the
combination of a moist, unstable airmass, strong west-southwest winds,
and mountain ranges oriented nearly at right angles to the flow of air.
The unusual feature of the storms was the persistence of the strong
flow of moist air. The major storm of December 21-24 was accompanied
by high temperature and high wind velocities. As a result, a considerable
amount of the snow which had accumulated at higher altitudes was
melted. This snowmelt, added to the heavy precipitation at low altitudes,
caused record-breaking runoff in the streams draining the Sierra Nevada,
in Idaho, and in Washington. The coasta] areas of northern California
and southern Oregon had measurable rainfall on 39 of the 44-day period
between December 15 and January 28. At several stations the record-
ed precipitation for the months of December and January exceeded 60
inches,

In contrast, localized storms impinge upon much smaller
segments of the Pacific coastline and release continuous,
very intense rains lasting for several hours to 2 maximum
of about 4 days. Weaver (1962, p. 29-35), Rantz and Har-
ris (1963), Brown (1984), and Monteverdi (1984) described
five of the severest of such storms that affected the San
Francisco Bay region between 1950 and 1982 and had
similar rainfall intensities, duration, and areal extent.
These storms occurred during November 16-20, 1950, Oc-
tober 11-13, 1962, January 29-February 1, 1963, January
20-21, 1967, and January 3-5, 1982. Each of these storms
struck the Pacific coast in California between Monterey
County on the south and Mendocino County on the north,
and produced flooding and other damage mostly confined
to the San Francisco Bay region but extending into cen-
tral California and western Nevada as some of the storms
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moved eastward. All of these storms were isolated events,
in that they were not preceded or followed in close prox-
imity by similar storms and so did not continue their
effects over extended periods like the regional storms. For
example, the November 1950 storm followed light rain-
fall on November 13-16 that was preceded by nearly
2 weeks of dry weather. The October 1962 storm was the
first storm after California’s normal, 6-month summer
drought. The January-February 1963 storm produced the
first major rain after that, terminating what at the time
was one of the worst winter droughts for California and
Nevada in 100 years (Rantz and Harris, 1963, p. 3). The
January 1967 storm followed a month-long drought. Only
the January 1982 storm among the five was preceded by
substantial rainfall, most of which occurred during
regional storms of moderate rainfall intensity during the
previous 2 months (Smith and Hart, 1982, p. 139).

Each of these five storms had maximum rainfall inten-
sities that exceeded 6.4 mm/h (0.25 in/h) continuously for
at least 24 hours at some stations. The duration of such
rainfall ranged from about 24 hours for the November
1950 storm to about 47 hours for the October 1962 storm.
In contrast, the heaviest pulse of the December 1955-
January 1956 regional storms during December 21-23,
1955, produced a more irregular sequence consisting of
bursts of intense rainfall lasting for a few hours, followed
by several hours of rainfall of much lesser intensity
(Weaver, 1962, p. 24-28).

EFFECTS OF REGIONAL AND
LOCALIZED STORMS

Whereas the flood effects of regional and localized
storms historically have been readily noticed and docu-
mented, other specific effects, such as landslides, have
been less clearly and comprehensively identified. Rainfall
and streamflow have been monitored systematically in the
San Francisco Bay region for more than 130 years, and
inferences from early Spanish and Russian records pro-
vide a fairly thorough rainfall and flooding history for
most of California, beginning in the late 1700’s (Lynch,
1931; Waananen and others, 1977, p. 7; Goodridge, 1984).
Coverage of landslides, however, has been spotty by com-
parison, and only in recent years have efforts been
devoted to accounting for landslides on a regional scale.
Nevertheless, detailed records of isolated events, as well
as general observations (as in newspaper accounts), form
a basis for suggesting the incidence of slope failures. For
example, Smith and Hart (1982, p. 150) claimed:

Debris avalanches, debris flows, and associated storm-triggered land-
slides have caused most of the deaths and much of the structural damage
attributed to landsliding in California. The landslides of January 3-5,
1982, were not at all unusual for California. Similar landslides have oc-

curred in southern California during the 1915-16, 1933-34, 1937-38,
1951-52, 1961-62, 1968-69, 1977-78, and 1979-80 rainfall seasons
(Weber, 1979). In the San Francisco Bay region, similar landslides oc-
curred during the winters of 1905-06, 1906-07, 1949-50, 1955-56,
1961-62, 1962-63, 1964-65, 1967-68, 1969-70, 1972-73, 1974-75, and
1977-78 (Lawson, 1908; Rice and others, 1976; Radbruch and Weiler,
1963; and T. C. Smith, unpublished data; Smith (oral commun., 1985)
indicated that inclusion of the 1967-68 rainfall season for the San Fran-
cisco Bay region was an error, and that the 1966-67 season having the
massive storm of January 1967 is the correct entry).

These references cite a general occurrence of landslides
and distinguish among types in some instances, although
none provides estimates of their numbers or areal extent.
Nevertheless, all the regional and localized storms
deseribed in the previous section, as well as many earlier
storms, caused damaging landslides in addition to
flooding.

The landslides mostly consisted of two major types,
described herein in general terms of depth to failure sur-
face, velocity of downslope movement, and initiating
mechanism. One type includes deep-seated, slow-moving
failures, such as slumps and earth flows. These failures
generally are initiated after extended periods of intermit-
tent to continuous, moderately intense rainfall such as
might be expected from a succession of regional storms.
The failures generally occur in response to lengthy,
gradual increases in ground saturation, and failure takes
place after long periods of rainfall or during ground-water
rise occurring weeks to months after the rain has ceased.
The other type includes shallow, fast-moving slides and
flows, such as debris flows, that occur during persistent,
intense rainfall. These failures occur almost solely while
the rain is falling and under certain specific conditions of
antecedent ground saturation and rainfall intensity and
duration (Wieczorek, 1982; see chaps. 3-6).

Both the patterns of rainfall from localized storms and
intense bursts of rainfall within regional storms have been
observed to generate debris flows. Localized storms are
fully discussed in the other chapters of this volume, and
regional storms are exemplified by at least two of the
storms discussed above. Campbell (1975) noted for storms
in southern California during January 18-26, 1969, that
periods of debris-flow activity were confined to two inter-
vals of sustained heavy rainfall, each lasting about 9 hours
and separated by about 3 days. The activity persisted only
during intense rainfall, and ceased when the amount of
rainfall diminished. A similar situation apparently oc-
curred, but was not so precisely documented, in the San
Francisco Bay region during December 1955 and January
1956. During December 21-23, two 6- to 8-hour bursts
of heavy rainfall separated by 12 hours followed a week
of moderate to heavy rain. S.J. Rice (oral commun., 1982)
observed debris flows in Marin County at these times, and
again during a downpour on January 18 that was part of
the regional storm sequence which began 35 days earlier.
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TABLE 1.1.—Approximate areas of the Coast, Transverse, and Peninsular Ranges affected by damaging rainstorms, 1861-1982

[State proclamations of emergency or disaster, and Federal disaster declarations, are available only for the period 1954-82. State and Federal emergency
and disaster proclamations and declarations typically describe the specific event by using such terms as "severe storms, heavy rains, flooding, mudslides,

landslides," and combinations of these and other terms.

proclamations.

original proclamation.
Data compiled from Rantz (1964), Young and Cruff (1967), Waananen and others (1977), Kahrl (1978), California Office of Emergency Services

available.

Federal disaster declarations designate the type of event differently from the original State
Terminology in this table is extracted from a compilation by the California Office of Emergency Services and reflects the State Governor's

Arrows denote approximate geographic extent of storm damage in coastal California during the indicated period; ?, no data

(written commun., 1982), and Federal Emergency Management Agency (written commun., 1982) ]

Transverse and
' Northern Coast Ranges Central Coast Ranges Peninsular Ranges Type of disaster
Approximate dates of (California-Oregon (Sonoma County to (Santa Barbara County proclamation or
severe rainstorms State line to Sonoma Santa Barbara County) to United States- declaration
County Mexican border)
December 1861-January 1862
z
S
2 1879 2 ——
&
January-February 1881 ?
January-February 1890 2 2
February 1891
2 1895 2
%
January 1907 o
March 1911
February 1914
(=)
February 1915 2
S
January 1916 3
125
February 1927 =
&
December 1937-March 1938
February 1940
April 1941
January 1943
December 1951-January 1952
January 1953
February 1954 ~———————— Federal: Fire, flooding, and erosion.
December 1955-January 1956 Federal: Flooding.
February 1958 State: Storm and flood damage.
April 1958 Federal: Storm and flood damage.
January 1959 - State: Potential flood damage and landslides as
result of fires.
February 1962 o S — Federal: Flood and rainstorms.
October 1962 Federal: Flood and rainstorms.
January-February 1963 Federal: Flood and rainstorms.
February 1963 State: Abnormally heavy and continuous rainfall
February 1964 o e State: Abnormally heavy and continuous rainfall
April 1964 e o State: Excessively high winds; subsequent heavy
rains and runoff of mud and silt.
December 1964-February1965 Federal: Abnormally heavy and continuous rainfall
and windstorm.
January 1965 State: Flooding and hill slide caused by heavy
———
rains.
June 1965 - State: Slide damage.
November-December 1965 é —~<————————— Federal: Abnormally heavy and continuous rainfall.
©
January 1966 e e =) Federal: Abnormally heavy and continuous rainfall.
December 1966 - State: Earth slides.
December 1966 Federal: Abnormally heavy and continuous rainfall.
January 1967
January-March 1969 Federal: Storm, flooding, and other conditions
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TABLE 1.1.—Approxzimate areas of the Coast, Transverse, and Peninsular Ranges affected by damaging rainstorms, 1861-1982 —Continued

Federal: Heavy winds, storms, and flooding.

State:
storms.

Slide damage caused by heavy rains and

State:
storms.

Slide damage caused by heavy rains and

State: Storms and flooding.

Federal: Heavy winds, flooding, and runoff of
mud and silt.

Federal: Heavy rains, flooding, and mudslides.

State: Heavy rains and mudslides.

Federal: Heavy rains, winds, flooding, and
tidal action.

State Storms and flooding.
State: Storms and flooding.
State: Storms and flooding.
Federal: Winds, storms, and flooding.
State: Severe storm conditions.
Federal: Winds, storms, and flooding.

= > Federal: High winds, heavy rains, and flooding.

—— State: Threat of flooding and mudslides from
denuded watershed by major fires.
State: Heavy rains, winds, high tides, heavy seas,
landslides, and flooding.
Federal: Heavy rains, winds, mudslides, heavy
snow, and avalanches.
— Federal: Flash floods.

December 1969-March 1970
February 1970 =
e
March 1970 =
April 1970 —————
December 1971
o
January-March 1972 |e———————— o
Y
3]
October 1972 S <>
o
January-February 1973 z
"
February 1973 e
March 1973 =
April 1973 —
December 1973-January 1974
February 1974 ———]
April 1974 —~—
September 1976
August 1977
December 1977-March 1978 ]
February-March 1978
August 1979
February-March 1980 { ——
January 1982 ——— |
\

Federal: Rain, winds, mudslides, and flooding.

Federal: Heavy winds, rain, flooding, and

mudslides.

Of particular interest are the data of Weaver (1962, p. 28),
showing that during the December 21-23, 1955, storm,
peak 6-hour rainfall bursts struck most of northern and
central California simultaneously. These data suggest that
rainfall and ground-moisture conditions sufficient for ini-
tiating rapid slope failures were probably widespread,
although no comprehensive documentation is available of
the number, type, and areal extent of slope failures
associated with the 1955-56 storms.

POPULATION, DEVELOPMENT, AND
LANDSLIDE DAMAGE

Population in the 10 San Francisco Bay region coun-
ties is listed in table 1.2 for 1940-80, with estimates for
1990. These dates are chosen to represent the period of
the region’s fastest growth and its coincidence with the
onset of frequent storm-related disasters listed in
table 1.1. Taking the Spanish discovery of the San Fran-

cisco Bay in 1769 as the beginning of European settle-
ment of the region (Watkins, 1973, p. 85-40), the data
show population growth from 1940-60 exceeding that of
1769-1940, and continued expansion at a slightly lesser
rate from 1960 to 1980. By 1990, the projected popula-
tion will exceed 6 million people, or about 8300 people per
square kilometer. Such growth implies attendant in-
creases in the numbers of houses, transportation arteries,
utilities, public buildings, and other construction. Between
1970 and 1980, for example, the net increase in housing
units alone was 46,550 per year—almost half a million
additional units for the decade (table 1.3). These units and
associated construction typically are accommodated
spatially in new, multiple-unit structures within existing
built-up areas and by expansion onto lightly developed or
undeveloped terrain.

Before the 1950’s, most development took place on
gently sloping lowlands, and nearly all the hillsides and
uplands were undeveloped or used only for timber
harvesting, orchards, and grazing (Brown and Kockelman,
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TABLE 1.2.—San Francisco Bay region population, by county, 1940-90

[Data from Western Economic Research Co. (1982)]

County 1940 1950 1960 1970 1980 1990
Alameda--------- 513,011 740,315 908,209 1,071,446 1,105,379 1,151,500
Contra Costa==== 100,450 298,984 409,030 556,116 657,252 796,400
Marin--——-=-=--= 52,907 85,619 146,820 208,652 222,952 231,800
Napa=====cemea== 28,503 46,603 65,890 79,140 99,199 106.100
San Francisco--- 634,536 775,357 740,316 715,674 678,974 660,600
San Mateo--- 111,782 235,659 444,387 557,361 588,164 629,800
Santa Clara- 174,949 290,547 642,315 1,065,313 1,295,071 1,497,200

45,057 66,534 84,219 123.790 188,141 224,100
49,118 104,833 134,597 171,989 235,203 340,000
69,052 103,405 147,375 204,885 299,827 385,700
Total--——=- 1,779,365 2,741,856 3,723,158 4,754,366 5,370,162 6,023,200

TABLE 1.3.—San Francisco Bay region housing units, by county, 1970-80

[Data from U.S. Bureau of the Census (written commun.,

1982) ]

County 1970 1980 Difference
Alameda---=--==-= 378,833 444,607 +65,774
Contra Costa===== 177,732 252,226 +74,494
Mariness—eseecae- 72,000 92,903 +20,903
Napa===—==wee-———— 26,838 40,052 +13,214
San Francisco=--- 310,402 316,609 +6,207
San Mateo=======- 191,077 233,494 +42,417
Santa Clara=----- 336,873 473,817 +136,944
Santa Cruz------- 52,006 80,863 +28,857
Solano====—====—= 53,762 84,270 +30,508
Sonoma-——————=—==— 78,060 124,233 +46,173

Total—====== 1,677,583 2,143,074 +465,491

1983, p. 3, 31). Since the 1950’s, however, significant
development on hillsides has created sprawling suburban
landscapes susceptible to various natural and induced
hillslope processes. Indeed, such development has been
a prime force in creating or adding to problems of slope
stability (Nilsen and Turner, 1975; Nilsen and others,
1976b). With that development came landslide disasters
of sufficient frequency to call attention to a regional land-
slide problem, and to stimulate better record keeping of
landslide occurrence. Nilsen and others (1976a, p. 6), for
example, noted that although the oldest records of prop-
erty damage by landslides in Alameda County date from
1940, most of the data are from the period 1958-71, when
more accurate records were kept. The situation is similar
throughout other San Francisco Bay region counties, and
it was not until the 1970’s that the regional scope of the
landslide problem was widely recognized and attempts
were made to document regional losses (Nilsen and others,
1979, p. 3-10, 16-19).

The late-appearing awareness of the landslide problem
resulted in even later attempts to confront it, if, indeed,
it was considered at all in new development. Whereas
some communities and counties considered landslide
hazards in revising building codes and grading ordinances,
most of the San Francisco Bay region entered the 1980’s
with few or no considerations of slope stability mandated
for hillside building. This situation is not surprising, con-
sidering the numerous financial, political, and other prob-
lems communities face in responding to geologic situations
whose process and recurrence are difficult for them to
understand. With respect to the specific hazard of debris
flows, for example, little information of use for planning
was available anywhere in the region before the storm
of January 1982, and utilization of that information re-
mains mostly in the research stage today.

LESSONS OF JANUARY 1982

The preceding discussion briefly illustrates some of the
complexities in understanding the January 1982 storm in
comparison with previous storms and in the context of
spreading hillside development. These complexities are
summarized here in an attempt to focus on the need for
reanalysis of past events and on the prospects for future
studies.

1. Whereas some level of presaturation of the soil mantle
is a necessary condition for debris-flow occurrence
(see chap. 5), that level can be attained during the
course of a single storm irrespective of soil mantle
saturation conditions at the onset of the storm. Rad-
bruch and Weiler (1963, p. 16-17) stated, for exam-
ple, for Contra Costa County:

In October 1962, 13.82 inches of rainfall was recorded at Saint
Mary’s College during four days from October 10 through 14, with
8.40 inches recorded during the 24 hours ending at 5:00 P.M. on
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October 13 (State Climatologist, U.S. Weather Bureau, oral com-
munication, January 2, 1963). The rain was the first of the winter
rainy season, and fell on ground that had dried during the sum-
mer. Most of the landslides that formed during the above four days
of rain were mudflows, consisting of saturated soil that moved on
the underlying bedrock surface. The soil did not move as a single
mass, but flowed out of small pockets in a semi-liquid state, leav-
ing a train of debris extending down the hillside for as much as
several hundred feet. The debris consisted of thin mud containing
pieces of turf and subangular to rounded pieces of soil. These land-
slides are the type described by Kesseli (1943) as “disintegrating
soil slips.”

Radbruch and Weiler made no further statements as
to the abundance of these landslides, and it is unclear
from their observations how the events of the 1962
storm compare with those of the 1982 storm. Cannon
(see chap. 4) and Mark and Newman (see chap. 2) sug-
gest that the abundance of debris flows is related to
a level of soil mantle saturation determined by ante-
cedent seasonal rainfall, measured from the beginning
of the rainy season up to the beginning of a debris-
flow producing storm. In the case of the 1981-82 rain-
fall sequence, soil-mantle saturation was high at the
onset of the January 3-5 storm and thereby con-
tributed to debris flows in apparently greater abun-
dance and wider distribution than observed in 1962.
Nevertheless, observations like those of Radbruch and
Weiler, and the frequency of rainfall intensity, dura-
tion, and extent observed for storms discussed in this
chapter, suggest that conditions for the local occur-
rence of debris flows are common. A dry soil mantle
does not guarantee that debris flows will not occur
during the next storm.

2. Whereas 2-day rainfall totals for specific parts of the

San Francisco Bay region in January 1982 exceeded
the “100 year” recurrence frequency, frequencies of
5 to 50 years were common for many areas where
debris flows occurred (table 1.4). Recurrence inter-
vals for floodflows of streams were generally in the
range 4-40 years (see chap. 13). Furthermore, the
rainfall intensity and duration at which debris-flow
episodes began in 1982 fell far short of the “100 year”
values eventually reached in some areas (see chap. 3).
These factors suggest that significant local rainfall
variations occur within a “100 year” storm and that
storms of lesser frequency are also sufficient to cause
significant debris-flow activity. The recurrence inter-
val of a given storm parameter, such as 2-day rainfall,
is an insufficient measure of debris-flow-generating
capability. A better measure would be a combinatorial
factor that includes a component of antecedent soil
mantle saturation with individual storm factors (see
chaps. 4, 5).

3. Great uncertainty exists about the effects of earlier

storms because of the paucity of data on specific types

of landslides. The first documentation of the regional
occurrence of debris flows as a unique process in the
San Francisco Bay region came after the January
1982 storm. Thus, only limited opportunities exist for
comparing the effects of that storm with those of
others until the earlier storms are comparably ana-
lyzed (see chap. 4). A primary candidate for study is
the December 1955-January 1956 storm sequence
because of the availability of rainfall and photographic
data, and many general and specific observations of
debris flows then. Work in progress by C.M. Went-
worth (written commun., 1984) suggests that abun-
dant debris-flow scars on Montara Mountain, San
Mateo County, resulted from the 1955-56 storms, but
data from other areas are needed to determine the
areal extent and relative abundance of debris flows
during those events.

4. Confusion about storm effects results from ambiguities
and inconsistencies in the terminology used to de-
scribe disasters. Table 1.1 lists the terminology
applied to California storm disasters; it is apparent
that no consistent distinctions among the types of
landslides exist. Neither is the disaster declaration
necessarily complete as to effects. For example, the
Federal disaster declaration for 1955-56 specifies
only floods and makes no mention of landslides as a
disaster component. Whether landslides were not a
problem or, more likely, were considered a part of the
overall flooding is unclear in the disaster proclama-
tion. Although floods and landslides are generally con-
current events, observers in the past have common-
ly emphasized only the flood aspects.

5. Population growth and development in the San Fran-
cisco Bay region have outpaced the recognition and
accommodation of landslide hazards, and the develop-
ment itself has created hazardous situations where
none existed previously. The status of development
today, and its trends for the near future, are such that
the frequency of landslide problems will probably in-
crease until sweeping changes in the regulations on
hillside development are enacted on a regional basis.
Such changes almost certainly will come, as they have
for other heavily populated regions in unstable, hilly
terrain (U.S. Geological Survey, 1982, p. 1). Mean-
while, the composite interactions of population
growth, hillside development, and recurrence of
damaging storms should be more thoroughly
assessed.
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ABSTRACT

Analysis of the relation between rainfall totals and damaging land-
slides (predominantly debris flows) for the January 3-5, 1982, storm
in the San Francisco Bay region indicates a significant relative increase
in the density of damaging landslides in areas that had seasonal prestorm
rainfall of at least 300 to 400 mm (12-16 in.) and storm rainfall of about
250 mm (10 in.), and that received 30 percent of mean annual precipita-
tion during the storm.

INTRODUCTION

The importance of collecting adequate rainfall and land-
slide data was recognized simultaneously with the realiza-
tion of the magnitude of the January 3-5, 1982, storm.
Research teams were assembled to collect data on rain-
fall, landslides (see “Introduction” to volume for landslide
terminology), and economic losses due to landslides
throughout the San Francisco Bay region.

The immediate goal was to understand the relation
between rainfall totals and debris flows that occurred dur-
ing this storm, and the long-term goal was to incorporate
this relation into a multiparameter statistical model of
susceptibility to debris flows in the bay region. Only the
results of the rainfall/debris-flow study for the storm are
reported here. Our approach to understanding the rela-
tion between rainfall and debris flows was to compare the
rainfall at damaging-landslide localities with the regional
storm and prestorm rainfall. From these data, we ob-
tained a landslide-density ratio, which measures the
relative increase or decrease in the areal density of
damaging landslides from the storm average as a func-
tion of rainfall.

PREVIOUS WORK

Other workers have also examined the relations be-
tween rainfall and debris flows or other landslides. Camp-
bell’s (1975) work on debris flows in the Santa Monica
Mountains in southern California, and Nilsen and others’
(1976) work on landslides during storms in the San Fran-
cisco Bay region, suggest that critical levels of rainfall
intensity and prestorm rainfall must be reached before
slopes fail. Preliminary intensity values of 6 mm (0.25 in.)
of rain per hour with at least 250 mm (10 in.) of prestorm
rainfall were noted for the Los Angeles area, whereas
prestorm values of 250 to 380 mm (10-15 in.) and storm
totals of 150 to 200 mm (6-8 in.) were recognized for the
San Francisco Bay region (using data from Contra Costa
County for the 1968-69 and 1972-73 rainy seasons).

A study of debris flows in northwestern Italy (Govi and
Sorzana, 1980) indicated the importance of normalized
rainfall (the ratio of storm rainfall to mean annual
precipitation) in the triggering of debris flows. For dry
antecedent conditions, a ‘‘catastrophic stage’”’ was
reported at normalized rainfall of 28 to 38 percent.

Wieczorek and Sarmiento (see chap. 5) analyze the trig-
gering of debris flows in a small area near La Honda,
Calif., as a function of rainfall intensity-duration and
antecedent conditions, using data on 17 storms since 1977.
Cannon and Ellen (1983; see chap. 3) relate the trigger-
ing of abundant debris flows during the January 3-5,
1982, storm to rainfall intensity and mean annual
precipitation. Wieczorek and others (see chap. 8) relate
the abundance of debris flows to normalized rainfall in
the bay region.

Acknowledgments.—We are grateful to the hundreds of
private citizens and public officials who shared their rain-
fall data and made our study possible. C.R. Northeut and
B.R. Hamachi deserve special thanks for their major
effort in assembling and plotting the rainfall data. Many
other U.S. Geological Survey (USGS) colleagues assisted
us in the inventory of damaging landslides and in collect-
ing rainfall data.

DATA COLLECTION

Because there are only about 50 U.S. National Weather
Service (NWS) stations in the 10 bay-region counties, the
USGS team launched an intensive effort to contact State
and local agencies that might have rain gages. As a result,

17
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data were collected from the Alameda County Flood Con-
trol and Water Conservation District; the California
Departments of Forestry, Transportation, and Parks and
Recreation; the East Bay Infiltration/Inflow Study and
Municipal Utility District; the Marin County Flood Con-
trol and Water Conservation District, and Municipal
Water District; the San Francisco Water Department;
and the Santa Clara Valley Water Distriet.

Immediately after the storm, the NWS launched a
media appeal for data on storm totals from private rain-
gage operators. The response, from more than 500 in-
dividuals, was impressive. The data made available by
NWS officials were rechecked and carefully plotted. Data
were deleted if the addresses could not be located.
Anomalous values were checked by contacting rain-gage
owners and requesting additional information on the loca-
tion and surroundings of the gage; gages with obvious
problems were deleted. After plotting the initial NWS,
State, county, and local data, we sent teams into areas
of sparse data to locate additional rain gages.

The final compilation (Mark and others, 1983) contains
759 entries for the January 3-5, 1982, storm and 434
entries of prestorm totals from July 1, 1981, through
January 2, 1982. Even though the official rainfall year
began July 1, measurable rain in most of the bay region
did not occur until September 24-25, 1981. Significant
rainfall accumulated from storms on October 7 and 27-29,
November 11-17 and 21-18, and December 17-21. Rain
fell almost every day in parts of eentral coastal Califor-
nia from December 27, 1981, through the January 3-5,
1982, storm.

Ideally, to assess the relation of storm and prestorm
rainfall to debris-flow occurrence, a complete inventory
of debris flows should be used. Because no such inven-
tory was available, we used the damaging-landslide inven-
tory (see chap. 11) as a representative sample (1,255
points). This inventory was largely of debris flows but in-
cluded other landslide types—hence the use of the general
term “landslide.” Use of the damaging-landslide inven-
tory introduces some bias toward populated areas, and
landslides in rural areas are underrepresented.

COMPUTATIONAL METHODS

The prestorm- and storm-rainfall and damaging-
landslide data sets were digitized to utilize computer
techniques in contouring and analyzing the data. Because
the density of these data varied greatly over the region
(pls. 1, 2) and because rainfall information was needed but
not generally available at each landslide site, the rainfall
data had to be gridded. This procedure created general-
ized regional models of both prestorm and storm rainfall
that were used in all subsequent analyses. These models

do not explicitly include topography, and so orographic
rainfall may not be adequately modeled in areas with no
data points.

The Surface Gridding Library (Dynamic Graphics, Inc.,
1978; Mark and Newman, 1981) was used to generate the
prestorm and storm grids with 2.5-km spacing. This spac-
ing utilized 66 percent of the storm data points, with an
average absolute deviation of all the original values from
their grid-extrapolated values of 14 mm (0.6 in.), which
is 2.6 percent of the total storm-rainfall range. The
prestorm grid utilized 78 percent of the data points, with
an average absolute deviation of all the data points from
their grid-extrapolated values of 27 mm (1.1 in.), which
is 2.1 percent of the prestorm-rainfall range. The grids
were not extrapolated beyond the data points.

Mean-annual-precipitation contours from the isohyetal
map of the San Francisco Bay region (Rantz, 1971a) were
digitized and gridded. Normalized prestorm and storm
grids were prepared by dividing the rainfall grids by the
mean-annual-precipitation grid on a point-by-point basis.
All the contour maps (pls. 1, 2; figs. 2.1-2.3) were
generated by computer, using the Surface Display Library
software (Dynamic Graphics, Inc., 1975; Mark and New-
man, 1981). Generalized polygons bounding the regions
with a slope of more than 5 percent were digitized (shaded
areas, fig. 2.1). The area outside the polygons was omitted
from the analysis so as to avoid biasing the regional rain-
fall distribution by including major flatland areas in which
debris flows generally do not occur. The polygons include
70 percent of the land area and more than 95 percent of
the digitized landslide points.

ANALYSIS

The following analysis was performed for each of the
four grids (prestorm rainfall, storm rainfall, normalized
prestorm rainfall, and normalized storm rainfall):

1. Each set of grid points within the greater-than-5-
percent-slope polygons was used as a sample of the
rainfall distribution over the region.

2. Rainfall values at each landslide point were computed
from the grid by interpolation to generate a sample
of rainfall distribution at landslides.

3. The cumulative distribution of both regional rainfall
and rainfall at damaging-landslide sites was calculated
as a percentage of sample points exceeding some rain-
fall value, and the curves were plotted (fig. 2.4).

4. The corresponding distributions were compared by
preparing histograms (fig. 2.5) and then taking histo-
gram ratios, that is, the percentage of landslides in
a given rainfall interval divided by the percentage of
grid points in the same interval (fig. 2.6). These
distributions were also compared in both dimensions
(prestorm and storm) simultaneously (fig. 2.7).
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RESULTS

The pairs of cumulative curves (fig. 2.4) differ in the
rainfall distributions at grid points and at landslides. In
three of the four plots (figs. 2.44, 2.4C, 2.4D), significant
rightward shifts of the landslide-sample curves indicate

that for a given cumulative percentage of localities,
heavier rainfall is associated with landslides. In the fourth
plot (fig. 2.4B), near-identity of the curves indicates that
the distribution of this variable does not differ between
grid and landslide points. The curves can also be used to
calculate the fraction of the region or of landslides that

640000
T

480000 123° 520000
T R A ¥ ] T

e =

o

4280000 -

4240000

38° |-
4200000 |-

4160000 B

4120000 +

0 20 40 KILOMETERS
L I ]

ISOHYETAL-CONTOUR INTERVAL 200 MILLIMETERS

379 +—

4080000 —— 1 | L

T
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received less (or more) than a given amount of rainfall. The probability of each total-rainfall interval (for exam-
For example, in figure 2.4C, 50 percent of the damaging | ple, 100-200 mm) at landslide points divided by the prob-
landslides occurred in localities receiving less than | ability in that same interval at random points over the
250 mm (10 in.) of storm rainfall, whereas about 85 per- | region measures the relative enhancement (with respect
cent of the region received that much rainfall or less. | to the regional storm average) of landslides for that
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Francisco Bay region, showing sites of damaging landslides (dots) (see chap. 11). Hachures indicate closed depressions in rainfall surface.
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amount of rainfall. Prestorm and storm histograms
(fig. 2.5) compare the rainfall sampled over the bay region
with the rainfall sampled at damaging-landslide localities.
The plots of storm rainfall versus landslide density
(fig. 2.6) suggest that the density of landslides increased
sharply where rainfall was more than about 250 mm

480000 123° 520000
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(10 in.) (fig. 2.6A4) and where normalized storm rainfall
(fig. 2.6B) was more than about 30 percent of mean an-
nual precipitation. The plot of prestorm rainfall versus
landslide density (fig. 2.6A) suggests that a minimum of
300 to 400 mm (12-16 in.) of prestorm rainfall was re-
quired before an appreciable number of damaging land-
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FiGURE 2.3.—Contour map of storm rainfall normalized with respect to mean annual precipitation in the San Francisco Bay region, showing
sites of damaging landslides (dots) (see chap. 11). Hachures indicate closed depressions in rainfall surface. Universal Transverse Mercator

grid, zone 10, North American datum 1927, shown in meters.
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slides occurred; further increase had little apparent effect.
However, the plot of normalized prestorm rainfall versus
landslide density (fig. 2.6B) shows no discernible pattern.

The plots of storm versus prestorm rainfall (fig. 2.7)
indicate additional complexity in the landslide/rainfall rela-
tion. Homogeneous regions on these plots are shown
bounded by polygons that generally correspond to specific
areas of the San Francisco Bay region (fig. 2.8). The area
of polygon 1 has high prestorm and storm rainfall, and
the highest landslide-density ratio of 5.9. This area en-
compasses some of the mountainous areas of Santa Cruz
and Marin Counties. A total of 13.8 percent of the land-
slide sample had rainfall in this category, in contrast to
2.3 percent of the random sample.

The area of polygon 2 has midrange prestorm and storm
rainfall, and a landslide-density ratio of 2.9. This area
covers the remaining parts of Santa Cruz, southern Marin,
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southern San Mateo, and southwestern Sonoma Counties.
A total of 44.1 percent of the landslide sample had rain-
fall in this category, in contrast to 15.0 percent of the ran-
dom sample.

The area of polygon 3 has lower midrange prestorm and
low storm rainfall, and a landslide-density ratio of 1. Land-
slides with rainfall in this category occurred in southern
Sonoma, southern Napa, southern Solano, San Francisco,
northwestern San Mateo, western Contra Costa, Ala-
meda, and Santa Clara Counties. Almost identical per-
centages of the landslide and random samples (31.9 and
32.0 percent, respectively) had rainfall in this category.

The area of polygon 4 has midrange to high prestorm
rainfall and low to midrange storm rainfall, and a
landslide-density ratio of 0.4. This area includes central
Sonoma, central Napa, and small parts of Alameda,
Contra Costa, Santa Clara, and San Mateo Counties. Only
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5.8 percent of the landslide sample had rainfall in this
category, in contrast to 13.3 percent of the random
sample.

The area of polygon 5 has the lowest values of both
prestorm and storm rainfall, and the lowest landslide-
density ratio of 0.1. This area encompasses the Diablo
Range in southern Solano, eastern Contra Costa, eastern
Alameda, and eastern Santa Clara Counties. A total of
4.5 percent of the landslide sample had rainfall in this
category, in contrast to 37.3 percent of the random
sample.

The main trend (polygons 1, 2, 3, 5) is consistent with
the ratio plots. Polygon 4, however, represents an area
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(largely on the north edge of the storm) that has midrange
to high prestorm and low to midrange storm rainfall, and
a lower landslide-density ratio (0.4) than polygon 3 (1.0),
which has lowest prestorm but comparable storm rain-
fall. This result may reflect the bias introduced by using
only damaging landslides in the sample. The northern bay
region dominating polygon 4 is relatively sparsely
populated, and so landslides that would have caused
damage if these areas were more highly developed were
not included in the sample.

Several points must be considered in evaluating these
results.
1. Prestorm, storm, and mean annual precipitation are
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positively correlated to varying degrees (prestorm
with mean annual precipitation, 0.81; storm with
mean annual precipitation, 0.52; storm with prestorm
rainfall, 0.61).

2. The landslide sample is biased toward developed areas.

3. Landslides depend on many other factors besides rain-
fall; some of these factors, such as slope, may cor-
relate with orographic rainfall.

4. Ina particular storm, total storm rainfall may correlate
with rainfall intensity (Rantz, 1971b), and so the rela-
tions between landslides and total rainfall could be
due to variations in rainfall intensity (Cannon and
Ellen, 1983). For a sample of 15 stations, the correla-
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tion between peak 3-hour intensity and total storm
rainfall was 0.7.

5. It cannot be determined, on the basis of one storm,
whether some or all of the curves will be reproduc-
ible in other storms. Duration of the storm may also
be an important factor. Additional data from other
storms, whether or not they generate landslides, are
needed.
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density ratios).
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CONCLUSIONS

Our analysis of rainfall and landslide data from
the January 3-5, 1982, storm indicates a direct relation
between damaging landslides and both storm and
normalized storm rainfall. There appear to be thresholds
with respect to landslide density at about 250 mm

480000 123° 520000

(10 in.) of storm rainfall and at 30 percent of mean
annual precipitation. Above these thresholds, the
landslide probability increases significantly. The rela-
tion of landslides to prestorm seasonal rainfall displays
a threshold at 300 to 400 mm (12-16 in.) but no
significant increase in landslide probability above this
value.
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ABSTRACT

‘We have determined the rainfall conditions that led to abundant debris-
flow activity on natural hillslopes during the storm by comparing the
known times of debris flows with the hourly records from nearby con-
tinuously recording rain gages. These rainfall conditions are described
in terms of a prestorm seasonal-rainfall total and the duration of a range
of rainfall intensities, for areas of different mean annual precipitation
(MAP). In areas that receive more than 660 mm (26 in.) of MAP, abun-
dant debris-flow activity followed 500 to 760 mm (20-30 in.) of prestorm
seasonal rainfall and 8 hours of intense storm rainfall with intensities
ranging from 10 to 20 mm/h (0.4-0.8 in/h). The onset of abundant debris-
flow activity during the storm occurred after storm-rainfall totals had
exceeded common values.

In areas that receive less that 660 mm (26 in.) of MAP, abundant
debris-flow activity followed 381 to 483 mm (15-19 in.) of prestorm
seasonal rainfall and 17 hours of intense storm rainfall with intensities
ranging from 2.5 to 6.4 mm/h (0.1-0.25 in/h). The onset of abundant
debris-flow activity during the storm occurred as storm-rainfall totals
began to exceed common values.

INTRODUCTION

Intense and sustained rainfall during the January 3-5,
1982, storm triggered abundant fast-moving landslides
throughout the San Francisco Bay region. The shallow
empty scars left by these landslides marked the places
from which material initially slid, and then flowed down
slopes or channels as muddy slurries, generally at high
velocities. We call these landslides debris flows (see
“Introduction” to this volume for landslide terminology).

PURPOSE AND APPROACH

Our purpose is to document the rainfall conditions that
triggered abundant debris flows during the storm.! We
tabulate the hourly storm rainfall leading up to the onset
of abundant debris-flow activity by comparing the known
times of debris flows with the hourly storm-rainfall
records from nearby continuously recording rain gages.
The rainfall measured in this manner is that which actual-
ly contributed to the debris flow, in contrast to the storm
total, which includes rain that fell after the debris flow
mobilized. We then compare the frequency of recurrence
of such rainfall with information on past debris-flow ac-
tivity to check our findings.

PREVIOUS WORK

The role of rainfall in the initiation of debris flows has
been studied in many parts of the world, using a variety
of criteria. In Italy, Govi and Sorzana (1980) described
the relation between widespread debris-flow activity and
annual rainfall, 24-hour storm-rainfall totals, and pre-
storm moisture conditions. In New Zealand, Eyles (1979)
correlated the occurrence of debris flows with 24-hour
storm-rainfall totals and 4-month prestorm rainfall. Lumb
(1975) described 24-hour maximium rainfall for the day
of the event and cumulative rainfall over the previous
15 days as significant for debris-flow initiation in Hong
Kong. Caine (1980) used a compilation of rainfall inten-
sities associated with durations ranging from 1 minute
to 90 days to derive a threshold equation for the rainfall
conditions required for debris-flow activity.

Additional studies have been made in the San Francisco
Bay region. Rice and others (1976, p. 46) concluded that
102 mm (4 in.) or more of rainfall in less than 10 hours
is necessary to initiate debris-flow activity in Marin
County. Nilsen and Turner (1975) suggested that 178 mm
(7 in.) of storm rainfall, preceded by at least 254 mm
(10 in.) of seasonal rainfall without an intervening dry
period, describes a threshold for landslide activity in
Contra Costa County; their work, however, does not
distinguish debris flows from slower moving landslides.

More detailed information was used in southern Califor-
nia by Campbell (1975), who compared the times of

1The term '‘abundant” is used here to denote a wide areal distribution of large numbers of
debris flows.
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occurrence of debris flows with the rainfall records from
continuously recording rain gages. His procedure, which
we follow in this report, relates the occurrences of par-
ticular debris flows to the hourly intensities of rainfall
leading up to failure.
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METHODS

DATA COLLECTION

To relate debris-flow activity to storm rainfall, we
sought both continuous rainfall records and information
on the times of debris flows throughout the San Francisco
Bay region. Times of occurrence and locations of debris
flows were documented through a search of newspaper
accounts and through interviews of eyewitnesses and
property owners by personnel of the U.S. Geological
Survey, the California Division of Mines and Geology, the
U.S. Soil Conservation Service in Santa Cruz County, and
other agencies. A debris flow initially qualified for the
study if its time of occurrence was known within 1 hour,
if its location could be determined within 0.4 km, and if
it was not reported to be associated with stream erosion
or with manmade alterations of hillsides. The locations
of debris flows that satisfied these criteria were then com-
pared to the locations of continuously recording rain gages
that operated during the storm. We considered rain-gage
data to be representative of rainfall conditions at a par-
ticular debris-flow site if the gage was within approx-
imately 5 km of the site and was within the same drainage

basin, or otherwise lacked major changes in intervening
topography. Only those debris flows that satisfied all these
criteria were included in this study. For these 27 debris
flows, we know with some certainty the hourly storm rain-
fall that led to debris-flow activity from natural hillslopes.
This information is shown in figure 3.1 by plots of
cumulative storm rainfall on which are superimposed dots
representing the times of nearby debris flows.

SUBDIVISION OF THE STORM

Very diverse storm rainfall triggered debris flows in dif-
ferent parts of the bay region (fig. 3.1). For example,
debris flows near Ben Lomond, in Santa Cruz County,
were triggered by a rainfall event very different in
magnitude and pattern from that which triggered debris
flows near San Bruno Mountain, in San Mateo County.

To characterize the varying storm-rainfall conditions
that resulted in debris-flow activity in different parts of
the bay region, we found it useful to divide the storm
records. We divided the rain-gage records into two groups
(shading, fig. 3.1) on the basis of storm-rainfall totals and
the similarity of storm-rainfall patterns. The rain-gage
records in the upper division show high storm-rainfall
totals and rainfall at sustained high intensities. The rain-
gage records in the lower division show lower storm-
rainfall totals and a sustained period of rainfall at low
intensities followed by a burst of high-intensity rainfall
near the end of the storm.

By subdividing the storm in this manner, we can
describe more precisely the rainfall conditions that led to
debris-flow activity, and we can tentatively apply these
conditions to different parts of the study area on the basis
of the relation suggested by Rantz (1971) between MAP
and the storm rainfall at a given site. Rantz reported that
the rainfall total to be expected from a storm of given
duration at a particular site in the San Francisco Bay
region varies directly with the MAP at that site. Accord-
ing to Rantz, this relation applies to stations that receive
more than 500 mm (20 in.) of MAP and for rainfall of more
than 2 hours duration.

Work by Govi and Sorzana (1980) suggested that for
some conditions, the storm-rainfall totals that accompany
debris-flow activity also correlate with MAP. Our data
show a linear relation between the storm rainfall up to
the time of failure and MAP (fig. 3.2).

The work of Rantz (1971), combined with the relation
suggested by Govi and Sorzana (1980) and plotted in
figure 3.2, suggests that both storm-rainfall totals and the
storm rainfall necessary to trigger debris flows might be
expected to vary with MAP. Therefore, we associate the
upper shaded part of the storm record in figure 3.1 with
areas of high MAP (more than 660 mm/yr [26 in/yr]), and
the lower shaded part with areas of low MAP (less than
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FIGURE 3.1.—Cumulative storm rainfall for 13 continuously recording rain gages used
in this study, showing relations between storm rainfall and debris flows in the January
3-5, 1982, storm. Dots denote known times of debris flows near these gages; lines
1 and 2 denote onset of debris-flow activity and onset of abundant debris-flow activ-

ity, respectively. Mean annual precipitation (MAP) for each gage (in millimeters) is
from Rantz (1971). Shading delineates grouping of storm records on the basis of the
similarity of hourly rainfall-intensity patterns and of storm-rainfall totals. Bar graphs
show average hourly intensities of storm rainfall for high- and low-MAP areas.
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660 mm/yr [26 in/yr]).2 Using the MAP map of Rantz
(1971), we can tentatively apply these conditions to dif-
ferent parts of the study area. Figure 3.3 shows the areas
of high and low MAP, generalized from Rantz (1971).

The rainfall necessary to trigger debris flows can be ex-
pected to vary with MAP because abundant debris-flow
activity apparently occurs during extraordinary events,
when rainfall at a particular site exceeds the commonly
occurring conditions. Because commonly occurring rain-
fall conditions vary with MAP throughout the bay region
(Rantz, 1971), the uncommonly heavy rainfall necessary
to trigger abundant debris flows should be reflected by
MAP as well.

RESULTS

STORM RAINFALL AND THE ONSET OF
DEBRIS-FLOW ACTIVITY

The times of debris flows are plotted in figure 3.1
against the progression of storm rainfall at each of the
continuously recording rain gages. The slopes of these
plots indicate the intensity of rainfall at the gages; the
slopes of the heavy lines that bound the shaded areas
define the range in rainfall intensities for each MAP area.
The bar graphs show the average hourly rainfall inten-
sities of the storm for each of the two MAP areas.

The dots in figure 8.1 denote the times of occurrence
of the debris flows that we included in this study. The line
at 1 on the cumulative-rainfall plots indicates the first
known time of debris-flow activity in each MAP area. The
line at 2 represents what we define as the onset of abun-
dant debris-flow activity; 80 percent of the debris flows
included in this study within a given MAP area occurred
after the time indicated by line 2.

All the storm records show debris flows occurring dur-
ing or immediately after a period of increased rainfall
intensity that started at about hour 10 of the storm. We
distinguish this period of increased intensity as intense
storm rainfall.

At the high-MAP rain gages, the onset of abundant
debris-flow activity occurred after 18.5 hours of storm
rainfall; of this period, the last 8 hours was intense storm
rainfall with intensities of from 10 to 20 mm/h (0.4-0.8
in/h). At the low-MAP rain gages, the onset of abundant
debris-flow activity occurred after 27.5 hours of storm
rainfall; of this period, the last 17 hours was intense storm
rainfall with intensities of from 2.5 to 6.4 mm/h (0.1-0.25
infh). We note that the threshold described here applies
specifically to an abundant, widespread distribution of
debris flows; scattered occurrences of debris flows can
certainly be expected before this threshold is reached.

2An exception to this generalization is the Harrington Creek rain gage. Although this gage
was shown by Rantz (1971) as receiving an MAP of 686 mm/yr (27 in/yr), we included it in
the low-MAP group because its storm record resembles that of the others in this group.
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PRESTORM SEASONAL RAINFALL

Although most researchers agree that prestorm
seasonal rainfall is an important factor in the rainfall con-
ditions that trigger debris flows, there is little agreement
as to the time period significant for the buildup of ante-
cedent soil-moisture conditions. Lumb (1975), Eyles
(1979), and Govi and Sorzana (1980) reported rainfall
totals for time periods ranging from 2 to 45 days before
a storm as contributing to the soil-moisture conditions that
lead to debris flows. Because of this uncertainty, we simp-
ly describe the prestorm seasonal-rainfall totals at the
start of the January 1982 storm.

The prestorm seasonal rainfall for water year 1981-82
ranged from 508 to 813 mm (20-32 in.) in areas of high
MAP and from 380 to 480 mm (15-19 in.) in areas of low
MAP. Work by Campbell (1975) in southern California and
by Wieczorek and Sarmiento (see chap. 5) suggests that
254 to 381 mm (10-15 in.) of seasonal rainfall is sufficient
to establish the soil-moisture conditions conducive to
debris-flow activity, should an intense storm occur.?
Seasonal rainfall had exceeded these amounts by the
beginning of the storm throughout the study area.

RECURRENCE OF STORM-RAINFALL CONDITIONS

Some perspective can be gained on the events of the
January 1982 storm by comparing the history of debris-
flow activity in the bay region with the recurrence inter-
vals for rainfall totals from the storm. Examination of
historical records for the San Francisco Bay region

3Note that scattered distributions of debris flows can occur before these prestorm conditions
are met (see chap. 4).
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revealed no other storm that had resulted in debris flows
of such abundance and broad areal extent (see chap. 4).
Thus, the debris flows that occurred during the January
1982 storm must have been induced by aspects of the rain-
fall that are unique or, at least, uncommon during the last
century in the bay region.

Rainfall-recurrence intervals can be used to indicate
when, during the storm, rainfall totals became uncommon.
Tables 3.1 and 3.2 list the recurrence intervals, calculated
from the data of Rantz (1971), for rainfall totaled over
several selected durations, starting at the beginning of
the storm. We note that this use of rainfall recurrence

Boundary of
study area

Point :
Reyes i/%\
peninsula ““Ad_

-3

<
v
(s
<\
-t
Q)
o
&
)

0 10 20 30 40 KILOMETERS
L 1 1 1 |
0 1[0 2'0 3IO 4'0 MILES

. SAN i
FRANCIS

):' ’:'{Boundary of San Francisco\’ |

Bay region

co

FIGURE 3.3,—San Francisco Bay region, showing boundary of study
area. Shaded areas, high mean annual precipitation (MAP) (more than
660 mm/yr [26 in/yr]); unshaded areas, low MAP (less than 660 mm/yr
[26 infyr]). MAP data generalized from Rantz (1971). Squares, loca-
tions of rain gages used in low-MAP areas; circles, locations of rain

gages used in high-MAP areas. Rain gages: 1, San Geronimo; 2, San
Anselmo; 3, San Rafael; 4, Mill Valley; 5, San Bruno Mountain;
6, South San Francisco; 7, Harrington Creek; 8, Ben Lomond; 9,
Bill Baker; 10, Live Oak; 11, Walnut Creek Filter; 12, Piedmont; 13,
Merritt College.
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TABLE 3.1.—Recurrence intervals for 12-, 18-, and 24-hour rainfall totals measured from the begin-
ning of the January 3-5, 1982, storm in areas of high mean annual precipitation (MAP)

12-hour rainfall

18=hour rainfall 24-hour rainfall

MAP

Station (mm) Total Rgcurrence Total Rgcurrem:e Total Rgcurrence
{mm) interval Cam) interval Cmm) interval
(years) (years) (years)
Mill Valley=--- 787 53.3 1 109.2 10 166.4 49
San Geronimo==-- 1,118 32.3 1 104.6 2 191.0 20
San Rafael--——-- 787 66.0 2 149.9 100 201.9 >100
San Anselmo==== 991 82.6 2 196.8 >100 283.2 >100
Live Qak======= 660 55.9 2 149.9 >100 184.1 >100
Ben Lomond===-== 1,168 97.8 3 217.2 >100 327.8 >100
Bill Baker=---- 1,168 102.9 4 220.2 >100 315.2 >100

TABLE 3.2.—Recurrence intervals for 27-, 80-, and 36-hour rainfall totals measured from the begin-
ning of the January 3-5, 1982, storm in areas of low mean annual precipitation (MAP)

27-hour rainfall

30-hour rainfall 36~hour rainfall

Station o) Total R?currence Total Rt:.‘curtence Total R?currence
interval interval interval
(mm) (years) (am) (years) (mm) (years)

Walnut Creek=-—-———==- 584 109.5 13 138.2 30 149.6 44
Harrington Creek===--= 686 126.7 14 146.6 21 149.1 18
San Bruno Mountain==-= 584 32.3 2 101.3 8 121.2 14
South San Francisco--= 483 99.1 23 135.9 >100 l41.0 >100
Piedmont=====ceceeeea 559 135.9 35 167.6 >100 187.5 >100
Merritt College--—-—-——- 610 118.6 16 160.0 71 176.3 100

differs from that of Wieczorek and Sarmiento (see
chap. 5), who report the recurrence intervals of maximum
rainfall totals for selected durations.

For the high-MAP group of gages (table 3.1), the 1- to
4-year recurrence intervals for the first 12 hours of the
storm indicate that storms with these rainfall totals within
a 12-hour period pass through the bay region frequently.
The 18- and 24-hour totals, however, occur less frequent-
ly; five of the seven rain-gage stations show recurrence
intervals of 100 years or longer. Thus, between hours
12 and 18 of the storm, the amount of storm rainfall
changed from common to rare. The onset of abundant
debris-flow activity at hour 18.5 (fig. 3.1) occurred after
the storm rainfall had exceeded common totals.

For the low-MAP group of gages (table 3.2), recurrence
intervals are less consistent between stations, and
changes in recurrence interval are not so abrupt as those
for the high-MAP gages. For this low-MAP group, abun-
dant debris-flow activity began at hour 27.5. The 27-hour
January 3-5, 1982, storm totals show fairly short recur-
rence intervals (2-35 years) in comparison with the 30-
and 36-hour totals (8-100 years). Although the onset of
abundant debris-flow activity apparently occurred as the
storm rainfall began to exceed common totals, the rela-
tion here is less clearly defined than for the high-MAP

gages.

Long recurrence intervals of storm-rainfall totals
throughout the bay region confirm that the broad areal
extent of the storm was uncommon.

SUMMARY

The abundance and broad areal extent of debris flows
during the January 3-5, 1982, storm were an unusual oc-
currence in the San Francisco Bay region. In areas with
more than 660 mm (26 in.) of MAP, comparison of the
known times of debris flows on natural hillslopes with the
hourly storm records of nearby continuously recording
rain gages indicates that the onset of abundant debris-
flow activity occurred at hour 18.5 of the storm. Rainfall-
recurrence intervals indicate that storm-rainfall totals
became uncommon between hours 12 and 18 of the storm,
and so abundant debris-flow activity began after storm
rainfall had exceeded common values. Abundant debris-
flow activity followed 8 hours of intense storm rainfall
with intensities ranging from 10 to 20 mm/h (0.4-0.8 in/h).
In this MAP area, the prestorm seasonal rainfall had
reached 508 to 813 mm (20-32 in.), well beyond the 254 to
381 mm (10-15 in.) considered sufficient to establish soil-
moisture conditions that will lead to debris-flow activity,
should an intense storm occur.
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In areas with less than 660 mm (26 in.) of MAP, com-
parison of the known times of debris flows with the hour-
ly storm records indicates that the onset of abundant
debris-flow activity occurred after 27.5 hours of storm
rainfall. Recurrence intervals indicate that the 27-hour
rainfall totals occur frequently in comparison with the 30-
and 36-hour totals, although the contrast is not so clear-
ly defined as in the previous case. In these areas, the onset
of abundant debris-flow activity followed 17 hours of in-
tense storm rainfall with intensities ranging from 2.5 to
6.4 mm/h (0.1-0.25 in/h). The prestorm-seasonal rainfall
had reached 380 to 480 mm (15-19 in.).
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ABSTRACT

Rainfall-threshold conditions that led to abundant debris-flow activity
are determined by comparing the normalized intensities and durations
of bursts of storm rainfall, segments of bursts, and within-storm averages
from six storms in the San Francisco Bay region. Normalization is by
the mean annual precipitation (MAP) at the rain-gage station from which
the rainfall was measured. The threshold line is described by the equa-
tion D=46.1-3.6x10%In+7.4x10*In%, where D is the duration (in
hours) and In is the normalized intensity (per hour). A comparison of
the threshold with the rainfall measured up to known times of debris
flows generally supports the position of the threshold line but indicates
that the threshold is less reliable when applied to areas of low MAP.
This comparison also indicates that in storms consisting of a series of
isolated bursts of high-intensity rainfall, the within-storm average isa
better measure of the rainfall necessary to initiate debris-flow activity
than is the isolated burst.

PURPOSE

After the January 3-5, 1982, storm, concern arose
regarding the conditions under which similar damage by
debris flow could be expected in the future. In response
to such concern, this study was designed to define the
threshold storm-rainfall intensities and durations that
have resulted in abundant! debris flows in the San Fran-
cisco Bay region. The threshold is defined by comparing
the rainfall conditions during storms that triggered abun-
dant debris flows with those during major storms that did
not produce abundant debris flows. This comparison

1The term “abundant™ is used here to indicate an areal concentration of debris flows similar
to that seen after the January 3-5, 1982, storm.

defines the range of rainfall conditions that have accom-
panied abundant debris-flow activity in the historical past.
Abundant debris-flow activity can be expected to accom-
pany similar conditions in the future.

Acknowledgments.—Many individuals and agencies pro-
vided rainfall records for this study, including the East
Bay Infiltration/Inflow Study, East Bay Municipal
Utilities District, Marin County Flood Control District,
Marin Municipal Water District, Santa Cruz Department
of Public Works, and U.S. National Weather Service. I
am indebted to S.D. Ellen for guidance and editorial ad-
vice on this project, and to R.K. Mark for computer
expertise.

PREVIOUS WORK

Rainfall thresholds for debris-flow activity in the San
Franciseo Bay region have been described by different
workers in various ways. Smith and Hart (1982) suggested
that 127 to 152 mm (5-6 in.) of rainfall within a 12- to
24-hour period is generally required for significant debris-
flow activity in at least some parts of the bay region. Mark
and Newman (see chap. 2) show that approximately
254 mm (10 in.) of storm rainfall correlated with a signifi-
cant increase in the number of damaging landslides in the
bay region during the January 1982 storm. Cannon and
Ellen (see chap. 3) use hourly storm-rainfall records com-
bined with known times of debris flows to determine rain-
fall conditions during the January 1982 storm that led to
abundant debris-flow activity in areas of high and low
mean annual precipitation (MAP). Cannon and Ellen
(1985) compared hourly rainfall records of storms to
calculate rainfall thresholds for abundant debris-flow ac-
tivity in areas of high and low MAP in the bay region.

Other rainfall thresholds for debris-flow activity have
been suggested for local areas in the bay region.
Wieczorek and Sarmiento (see chap. 5) examined rainfall
records from 22 storms to determine an intensity-duration
threshold for scattered occurrences of debris flows in part
of San Mateo County. Rice and others (1976) suggested
that 102 mm (4 in.) of rainfall in less than 10 hours will
lead to debris-flow activity in Marin County. Nilsen and
Turner (1975) proposed that 178 mm (7 in.) of storm rain-
fall, preceded by 254 mm (10 in.) of seasonal rainfall
without an intervening dry period, resulted in movement
of various landslide types in Contra Costa County.

35
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APPROACH

Campbell (1975, p. 20) described two rainfall conditions
that result in debris flows: ‘“* * * an initial period of
enough rainfall to bring the full thickness of the soil
mantle to field capacity * * *, followed by rainfall intense
enough to exceed the infiltration rate of the parent
material underlying the soil mantle, and lasting long
enough to establish a perched ground-water table of suf-
ficient ®* * ® thickness * * * to cause failure.” To quantify
such rainfall conditions, I measured prestorm-seasonal-
rainfall totals and the intensity and duration of several
storm-rainfall parameters from the hourly records of six
storms in the San Francisco Bay region. Comparison of
these parameters for different storms defines the rain-
fall conditions that have accompanied abundant debris-
flow activity in this region.

PRESTORM SEASONAL RAINFALL

Prestorm seasonal rainfall, measured from the begin-
ning of the water year (October 1) up to the day of a given
storm, is used as a measure of the rainfall available to
bring the soil mantle in Campbell’s (1975) model to field
capacity. Work by Campbell in southern California and
by Wieczorek and Sarmiento (see chap. 5) in part of San
Mateo County suggests that 254 to 381 mm (10-15 in.)
of prestorm seasonal rainfall is sufficient to establish the
soil-moisture conditions conducive to abundant debris-flow
activity, should an intense storm occur. In a study of the
various landslide types in Contra Costa County, Nilsen
and others (1976) reached similar conclusions. Mark and
Newman (see chap. 2) show a significant relative increase
in the areal abundance of storm-generated damaging land-
slides, including debris flows, following the January 1982
storm in those parts of the bay region that received 305
to 406 mm (12-16 in.) of prestorm seasonal rainfall. On
the basis of these studies, only storms preceded by at least
254 mm (10 in.) of seasonal rainfall were included in this
analysis.

Timing of prestorm seasonal rainfall appears to influ-
ence the occurrence of various landslide types, as sug-
gested by Nilsen and Turner (1975), who indicated that
dry periods preceding storms had important effects on
landslides in Contra Costa County. For example, the bay-
region storm of January 20-21, 1967, which was preceded
by a 40-day dry period, did not trigger abundant debris
flows, although this storm had rainfall totals and storm
duration similar to those of the January 1982 storm (J.P.
Monteverdi, written commun., 1982). These two storms
also had similar prestorm-seasonal-rainfall totals. The
major difference between these storms thus appears to
be the rainfall during the 40 days preceding each storm,
and the absence of abundant debris flows during the 1967

storm may be attributed to its prestorm dry period.
Therefore, this study includes only storms with measur-
able rainfall [2.5 mm (0.1 in.)] in the 40 days immediately
preceding the storm.

MEASURES OF STORM RAINFALL

The intensity and duration of three storm-rainfall
parameters (burst, segment, and within-storm average)
were measured from the records of recording rain gages
(fig. 4.1). Bursts and segments of bursts describe the
periods of intense storm rainfall within a storm, as called
for by Campbell’s (1975) model. Segments distinguish
periods of different rainfall rates within a burst. Within-
storm averages, which include periods of both high- and
low-intensity rainfall, quantify the occurrence of cycles
of intense rainfall followed by periods of quiescence.

Because the particular aspects of storm rainfall that
result in debris flows are not well understood, the inten-
sity and duration of all three parameters were measured
from hourly storm-rainfall records. Comparison of the
values of these parameters for different storms, combined
with documentation of debris flows in these storms, should
define storm-rainfall conditions that have produced abun-
dant debris flows throughout the bay region.

NORMALIZATION OF RAINFALL DATA

Because different rainfall conditions have triggered
debris flows in different parts of the bay region, the rain-
fall intensities for the parameters measured were nor-
malized by dividing by the MAP of the gages at which the
intensities were measured. Normalization incorporates
the relation between MAP and the amount of rain ex-
pected from a given storm at a specific site (see chap. 3;
Rantz, 1971), and aids in characterizing the varied rain-
fall conditions that resulted in debris flows during the
January 1982 storm.

STORMS CONSIDERED

Bursts, segments, and within-storm averages were
measured from the hourly records of storms in the bay
region that occurred during December 21-24 of 1955,
December 21-23 of 1964, January 16 of 1973, January
18-14 of 1978, January 3-5 of 1982, and January 26-27
of 1983. Prestorm seasonal totals were measured from
the records preceding these storms. These storms were
selected because: (1) they satisfy the criteria for prestorm
seasonal rainfall discussed above, (2) they are represented
by the complete network of hourly rainfall records that
covers the bay region, and (8) they either were declared
emergencies or disasters at State or Federal levels or
were mentioned in the U.S. National Oceanic and Atmo-
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spheric Administration yearly summaries as causing
damage by flooding or landsliding (see chap. 1). Although
these reports do not distinguish debris flows from other
kinds of landslides and do not mention the extent of land-
sliding or damage, they do indicate significant high-
precipitation storms. Other major storms have occurred
in the bay region, but absence of a complete rain-gage
network that documents these storms requires the
assumption that the six storms used in this study are
representative of the range of possible high-intensity,
long-duration storms that occur.

To distinguish storms that triggered abundant debris
flows from those that resulted principally in flooding or
other types of landslides, I used personal observations,
newspaper accounts, and historical aerial photographs.
W.M. Brown III, G.F. Wieczorek, and D.G. Herd of the
U.S. Geological Survey, S.J. Rice and T.C. Smith of the
California Division of Mines and Geology, Ed Barnes of
the San Mateo Department of Public Works, personnel
from the California Department of Transportation, and
personnel from the Santa Cruz Department of Public
Works provided information on the effects of storms in
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FIGURE 4.1.—Schematic example of an hourly cumulative rain-gage
record, showing rainfall parameters measured for this study. Bursts
are defined as periods of intense rainfall during the storm, and
segments as periods of uniform intensity within bursts. Both bursts
and segments are measured from changes in slope of rain-gage trace;

an initial rainfall rate of at least 2.5 mm/h (0.10 in/h) was required
for an event to qualify as a burst. Within-storm averages are measured
from the onset of intense storm rainfall to the end of each burst and
thus include periods of low-intensity rainfall.
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the bay region. For each of the storm periods considered,
past issues of the San Francisco Chronicle, the Mill Valley
Record, the Independent Journal (a Marin County news-
paper), the Half Moon Bay Review, and the Peninsula
Times-Tribune, where available, were reviewed for infor-
mation. Sample aerial photographs of the bay region were
examined for the effects of these storms. The scarcity of
information documenting both the location and quantity
of debris flows in each storm (see chap. 1) required review-
ing the information from the various sources simply
to determine whether debris flows had occurred in
abundance.

Examination of these various historical records for the
period 1955-83 indicated that, although some debris flows
occurred in several of these storms, only the January 1982
storm is documented as triggering abundant debris flows
throughout the bay region.2 Thus, the storm-rainfall con-
ditions unique to that storm include those conditions that
led to regionwide abundant debris-flow activity.

RAIN-GAGE NETWORK

Rainfall conditions of the six storms are quantified by
measuring intensity and duration for the storm-rainfall
parameters from records from a network of continuous-
ly recording rain gages located throughout the study area
(fig. 4.2). This network consists of 14 principal gages and
7 substitute gages. Where a record from a principal gage
is missing or incomplete, a record from a nearby gage of
similar elevation, slope aspect, and MAP was substituted
where possible. The gages used for each storm are listed
in table 4.1.

RESULTS

Comparison of the values of the normalized storm-
rainfall parameters measured for the six storms defines
the rainfall-threshold conditions that have accompanied
abundant debris-flow activity in the bay region during the
historical past for which sufficient records were available.
Values of the normalized parameters and the position of
the threshold line are shown in figure 4.3. This threshold
was constructed by drawing a line that best separates the
rainfall conditions unique to the January 1982 storm from
more commonly occurring storm-rainfall conditions.

The threshold line is described by the equation

D=46.1-3.6x10%In+7.4x 104In2,

where D is the duration (in hours) and In is the normal-

ZBrown (see chap. 1) mentions that although no comprehensive doc tation of the occur-
rence of abundant debris flows was found for the December 21-24, 1955, storm, meteorologic
conditions indicate that abundant debris-flow activity was possible.

ized intensity (per hour). Values that plot to the right of
and above the threshold line generally have accompanied
abundant debris-flow activity in the past. Given sufficient
prestorm seasonal rainfall, these values of storm rainfall
can be expected to result in abundant debris-flow activ-
ity in the future.?

Note that some values from storms other than the
January 1982 storm plot well above the threshold; these
values were all measured from the records of gages
operating during the December 1955 storm, and these
values might well have accompanied debris-flow activity,
although adequate documentation of such an occurrence
has not been found (see chap.1).

DISCUSSION

The rainfall conditions that led to known times of debris
flow during the January 1982 storm (see chap. 3) provide
a check on the position of the threshold line, because these
rainfall values contributed directly to specific debris flows.
For each of these debris flows, figure 4.3 shows values
of rainfall measured up to the known time of failure. Most
of these values represent both storm averages and bursts,
which are the same in many cases for the January storm.
However, the values that fall at 1- and 2-h duration are
for bursts of rainfall that occurred late in the storm. Ex-
cept for these low-duration values, most of the values of
rainfall measured up to the time of failure fall above the
threshold line, and this comparison generally supports the
position of this line. Note that some of the values
measured up to the known times of debris flows lie below
the threshold line in figure 4.3. It is reasonable to expect
some values to fall below the threshold line because it
defines conditions for abundant debris-flow activity rather
than for incipient debris-flow activity. The fact that six
of the seven values, however, are from gages that receive
less than 635 mm (25 in.) of MAP suggests that normaliza-
tion introduces inconsistencies in areas of low MAP. This
suggestion is consistent with Rantz’s (1971) observation
that the relation between MAP and storm rainfall is less
well defined in areas of less than 508 mm (20 in.) of MAP.
Therefore, the threshold line in figure 4.3 appears to be
less reliable when applied to areas of low MAP.

The values that fall at 1- and 2-h duration and well below
the threshold line are bursts of rainfall that occurred late
in the storm (see chap. 3). The within-storm average
measures of rainfall preceding failure that include these
bursts, however, fall closer to the threshold line. This rela-
tion suggests that for this threshold line, the within-storm

sSome debris flows can be expected to occur before rainfall has attained the threshold
calculated here for abundant debris-flow activity. A threshold for incipient debris-flow activity
at a study area near La Honda is discussed by Wieczorek and Sarmiento (see chap. 5).
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study area and locations of rain gages used in this study (dots). 10, Soquel; 11, Santa Cruz; 12, Live Oak; 13, Upper San Lean-
Arrows between gages indicate that records from these gages dro Filter; 14, Hayward; 15, Merritt College; 16, Berkeley; 17,
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TABLE 4.1.—Recording rain gages at which rainfoll parameters were measured for each storm

[Dash, no record available]

Storm-=--- Dec. 21-24, Dec. 21-23, Jan. 16, Jan. 13-14, Jan. 3=5, Jan. 26-27,
. 5 1955 1964 1973 1978 1982 1983
Location Rain gage
Northern Marin Novatol X X X X X X
County.
Central Marin San Geronimol —— —— X X X =——
County. Woodacre —— X ——— —— —— X
Southern Marin Lake Lagunitasz -—- - -— -— e X
County. Mount Tamalpais3 X X X X - -—
San Francisco SF WS0 Ap3 X — X X X -—-
International SF WB AP3 -—— X - —— -— X
Airport.
Central Penin- 0ak Grove3 —_— —— -— X X X
sula, Palo Altod X X X = S o
Northern Santa Boulder Creek> X X X X X X
Cruz County.
Central Santa Ben Lomond® -— X X X X X
Cruz County.
Eastern Santa Soque14 — X X X X X
Cruz County.
City of Santa Santa Cruz® -_— X X —— fosnead -
Cruz. Live oak* -— -— -—- X X X
East Bay South--—- Upper San Leandro X X X - X —
Filter”,
East Bay Cen- Ha_yward3 X X X X X X
tral.
East Bay North=---- Merritt £,'<>11ege5 -—- - -— -— e X
Berkeley X X X X X —-—
City of Walnut Walnut Creek® -— -— X - - X
Creek. Walnut Creek? X X St X X e
City of Brent- Brentwood? X X X X X X

wood.

lMarin County Flood Control District.
Marin Municipal Water District,
3U.S. National Weather Service.

average is a better measure of the rainfall that will lead
to the onset of debris-flow activity than is an isolated burst
of high-intensity rainfall.

LIMITATIONS

Although the rainfall threshold proposed here can be
used as an approximate guide to abundant debris-flow ac-
tivity, several uncertainties prevent its precise use, First,
the exact role of prestorm rainfall in the initiation of
debris flows is unclear. The model by Campbell (1975) sug-

4ganta Cruz Department of Public Works.
SEast Bay Infiltration/Inflow Study.
6East Bay Municipal Utilities Distriet.

gests that abundant prestorm rainfall shortly before a
major storm could both decrease the amount of prestorm
precipitation necessary to create the soil-moisture condi-
tions conducive to debris-flow activity, and lower the
storm-rainfall threshold for debris-flow activity; however,
the threshold in this study does not account for such
variation.

Second, the threshold developed here is based on a
single storm that produced abundant debris flows, but
debris flows might also be produced in abundance by
storms with different characteristics, particularly storms
of longer duration than those used in this study. Some
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rainfall values from such storms would plot beyond the
end of the threshold line in figure 4.3, and so this threshold
cannot predict the consequences of such storms.

Third, records are insufficient to determine the specific
aspects of storm rainfall that most strongly influence the
initiation of debris flows. For this analysis, some likely
factors were chosen—prestorm seasonal rainfall, and the
intensity and duration of storm rainfall—but other aspects
of storm rainfall may also have played significant roles.
For example, the conceptual model by Campbell (1975)
suggests that the occurrence of bursts of high-intensity
rainfall late in the storm may favor the initiation of debris
flows more than the occurrence of a similar burst early
in the storm, but such variations are not adequately quan-
tified in this study.

41

Most of these uncertainties arise because only a few
storms have provided useful records of rainfall and abun-
dant debris-flow activity. To reduce these uncertainties,
we need records of more storms capable of triggering
debris flows. Until future storms provide such records,
the threshold developed here should be used only as an
approximate guide for the onset of abundant debris-flow
activity, rather than as a reliable predictor.
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because the purpose is to show rainfall conditions unique to the January
1982 storm. Threshold line (dashed where uncertain) separates values
measured from records of the January 1982 storm from those
measured from records of other storms and thus delineates the storm-
rainfall conditions that accompanied abundant debris-flow activity.
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ABSTRACT

Debris flows are a significant geologic hazard in the San Francisco
Bay region, as demonstrated by the January 3-5, 1982, storm. We
measured rainfall and pore-water pressures and noted debris flows
between 1975 and 1983 within a 10-km? area near La Honda, Calif.,
to examine the significance of prestorm seasonal rainfall, the duration
of high-intensity rainfall, and the generation of high pore-water pressures
for triggering debris flows. From a sample of 22 intense storms during
this period, a threshold of 280 mm (11.0 in.) of prestorm rainfall was
necessary for subsequent storms to trigger debris flows. For storms
that occurred after this prestorm threshold had been achieved, the com-
bination of storm intensity and duration controlled the triggering of
debris flows.

To permit a more precise determination of the temporal distribution
of high-intensity rainfall, we propose a new measure, intensity-duration
(ID), which defines the duration that rainfall equals or exceeds a par-
ticular intensity. For example, ID5 ;=3 h signifies an intensity equal-
ling or exceeding 5.0 mm/h (0.2 in/h) for 3 hours. For 22 intense storms,
we determined 1D, 5, ID5 o, IDg 5, ID; 5, and ID; 5 values from records
of continuously recording rain gages in the area. We identified a value
of IDj o equal to or greater than 3 h as the most significant single index
of storm ID which characterized the 10 storms that triggered debris
flows in the area. We also developed a general equation for a threshold
of rainfall duration and intensity necessary to trigger debris flows.

We measured perched high piezometric levels in shallow regolith over
highly weathered bedrock immediately after intense storms in proximity

to debris flows. The amount of piezometric rise after a storm depended
on the prestorm rainfall as well as the intensity and duration of the storm.

Of the 10 storms that triggered debris flows, 8 storms caused less
than 1 debris flow per square kilometer. On the basis of a recurrence
analysis, a storm triggering less than one debris flow per square
kilometer could be expected, on the average, at least every 2 years. Such
storms as the January 3-5, 1982, storm, which triggered approximate-
ly seven debris flows per square kilometer and had a recurrence inter-
val of 60 years in this area, indicate that although isolated debris flows
can be expected regularly in the area, abundant debris flows will be much
less frequent.

INTRODUCTION

The association of high-intensity rainfall with debris
flows (see “Introduction’ to this volume for landslide
terminology) has been documented in Japan (Fukuoka,
1980), New Zealand (Selby, 1976; Pierson, 1980) and
Brazil (Jones, 1973), as well as in many other places
worldwide (Caine, 1980). In the Santa Monica Mountains
of southern California, Campbell (1975) found that
prestorm seasonal rainfall exceeding 267 mm (10.5 in.),
in combination with intensities exceeding 6.4 mm/h (0.25
in/h), were necessary to trigger debris flows.

Temporarily high pore-water pressures during intense
storms have been measured and related to debris flows.
Within small drainages of forested hillslopes in Oregon,
Pierson (1977, 1980) measured piezometric response to
storms in very permeable shallow regolith over bedrock
and found that the height and timing of the piezometric
rise are controlled by a combination of antecedent soil
moisture and rainfall intensity. In thin till regolith of
coastal Alaska, Sidle and Swanston (1982) measured high
piezometric levels near a debris slide during and shortly
after several intense storms.

We have measured rainfall and piezometric levels and
observed debris flows in a small study area to determine
the importance of prestorm rainfall, the duration of high-
intensity rainfall, and temporary piezometric levels in trig-
gering debris flows. We compared the characteristics of
the January 3-5, 1982, storm and other storms in the San
Francisco Bay region between 1975 and 1983 that
resulted in debris flows. From these comparisons, we have
developed minimum thresholds for triggering debris
flows, based on prestorm rainfall and storm intensity and
duration, for this study area in northern California.
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STUDY AREA

Qur study was conducted within a 10-km? area in the
La Honda and Harrington Creek watersheds northwest
of the town of La Honda in the Santa Cruz Mountains,
San Mateo County, Calif. (fig. 5.1). The study area ranges
in elevation from 60 to 360 m and contains both gently
sloping areas (less than 30 percent slope), where grasses,
chaparral, and oaks predominate, and steep canyons
(greater than 50 percent slope), where various conifers
and redwoods are concentrated. The study area was
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logged for redwood between 1868 and 1906 (Stanger,
1967). It has also been subject to wildfires, grazing by
cattle, and periodic removal of brush for pasture areas
since at least the turn of the 20th century. Thus, the
distribution of vegetation, as well as the species present
in the area, may have changed during historical time.
However, the effects of these historical changes in land
use on the slope stability have not yet been evaluated in
this area.

The study area receives an average of 762 mm/yr (30
in/yr) of seasonal rainfall (Rantz, 1971), measured between
July 1 and June 30, mostly between October and May. We
supplemented daily-precipitation records for La Honda
from the U.S. National Oceanic and Atmospheric Ad-
ministration (NOAA) with continuous hourly records for
La Honda available from the San Mateo County Depart-
ment of Public Works and with continuous onsite monitor-
ing begun in 1975.

Bedrock geology, weathering characteristics of bedrock,
and thickness and characteristics of soils derived from
bedrock all influence slope stability in this area (Wiec-
zorek, 1982). The bedrock geology of the area (pl. 3) con-
sists of three Tertiary bedrock units, from oldest to
youngest: (1) the Lambert Shale and San Lorenzo For-
mation, undivided; (2) the Mindego Basalt and other
volcanic rocks; and (3) the Tahana Member of the Puri-
sima Formation (Brabb, 1980). Residual soils developed
on all three bedrock units consist of moderately plastic
clayey silt; however, they differ in their characteristic
thicknesses (Wieczorek, 1982).

The Mindego Basalt consists mainly of basaltic voleanic
rock. This unit weathers shallowly; slightly weathered or
fresh rock! is common beneath the residual soil at depths
of 1.5 to 5 m. Both debris slides and debris flows are com-
mon within the shallow regolith on steep slopes underlain
by Mindego Basalt, whereas deeper types of slope move-
ment are less common. The regular, well-defined drainage
system developed on Mindego Basalt (fig. 5.2) provides
abundant channels for debris flows. Large fan-shaped
deposits below many short gullies (Wieczorek, 1982) sug-
gest that debris flows have been a significant geomorphic
process. Because the volume of such deposits far exceeds
that of any individual debris flow observed during this
study, such deposits probably accumulated from suc-
cessive debris-flow episodes.

The undivided Lambert Shale and San Lorenzo Forma-
tion consists primarily of mudstone, siltstone, and shale;
the Tahana Member of the Purisima Formation consists
of very fine grained sandstone and siltstone (Brabb, 1980).

FICURE 5.1.—Sketch map of the San Francisco Bay region, showing
approximate location of study area (shaded) in the Santa Cruz
Mountains.

1The degree of bedrock weathering has been classified by the terms “fresh,” “slightly
weathered,” “‘moderately weathered,” ‘‘highly weathered,” ‘“‘completely weathered,” or
“residual soil,” according to the system adopted by the Geological Society Engineering Group
Working Party (1972).
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Bedrock of all these units weathers deeply; moderately
weathered rock occurs to depths of 10 m beneath residual
soils. Within the moderately weathered bedrock of these
units, deep-seated slumps and earth flows are common.
Shallow debris slides and debris flows are less common
and are limited to slopes oversteepened by previous deep-
seated failure (scarps) or by streambank erosion (Wiec-
zorek, 1982).

METHODS AND INSTRUMENTATION

We measured rainfall and piezometric levels? and
observed debris flows within the study area beginning in
1975. These measurements and observations provide

*Measurements of water levels in a plastic tube connected to the porous stone piezometer
are referenced to the depth of water in the tube below the ground surface. These measurements
are termed “piezometric levels” rather than “ground-water levels.” During periods of nonsteady
flow and i places where the flow does not parallel the ground surface, the piezometric level
from & piezometer sealed at a particular depth may not equal the water level in an open or
perforated well.

climatologic and hydrologic data for comparing storms
and their effects.

A tipping-bucket, continuously recording rain gage was
installed in October 1975 near Harrington Creek (1,
fig. 5.3). This gage recorded rainfall continuously to the
nearest 0.25 mm (0.01 in.) with an accuracy of 1 percent
for intensities as great as 76 mm/h (3.0 in/h). The chart
from this gage can be read to determine rainfall totals
or intensities for periods as short as 5 minutes. When the
Harrington Creek gage malfunctioned, we used data from
either the continuous gage at Weeks Creek (3, fig. 5.3)
or the gage at the San Mateo County Yard in La Honda
(2, fig. 5.8). The La Honda gage, however, is less precise
because it records only to the nearest 2.5 mm (0.1 in.) at
hourly increments. During one storm (Jan. 13-14, 1978),
none of these gages was operating, and so hourly inten-
sity was estimated from continuous records from other
stations having comparable storm totals. In addition to
these continuous gages, two Forestry rain buckets and
a fencepost gage (1, 4, 5, fig. 5.3) were used to measure

FIGURE 5.2.—Regular, dissected drainage pattern developed on steep slopes underlain by the Mindego Basalt (Tmb) provides pathways for debris
flows. Arrows denote scars from debris flows triggered by the January 3-5, 1982, storm. Irregular drainage pattern to left is developed
on slopes underlain by the Tahana Member of the Purisima Formation (Tpt).
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gage (also a Forestry bucket rain gage) at Harrington Creek; 2,  mented with piezometers; solid line denotes boundary of study area
continuously recording rain gage at San Mateo County Yard, La  (approx 10 km?). Planimetric base from La Honda 1:24,000-scale
Honda; 3, continuously recording rain gage at Weeks Creek; 4, quadrangle.
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local variation in storm totals, which was found to be
minimal within the study area. This close distribution of
three continuous rain gages and three storm-total gages
within and near the 10-km? study area was sufficient to
accurately represent storm totals and intensities for the
purposes of comparison with debris flows within the study
area.

Several piezometers (6-8, fig. 5.3) were installed at
depths of less than 5 m to measure temporary piezometric
levels that develop during and immediately after intense
storms. These piezometers remained dry during most of
the year but showed rapid piezometric rise after intense
storms. We observed these levels to drop rapidly within
hours to days after each storm; for example, two measure-
ments taken within hours of each other 1 day after the
December 20-22, 1982, storm showed the piezometric
level to be dropping at a rate of 4.8 cm/h. Because these
piezometers record neither peak nor continuous readings,
we do not know the peak levels attained or their precise
times. OQur measurements were taken as soon as possible
after each storm to document as well as possible the high
piezometric levels attained. Therefore, these spot piezo-
metric measurements should be used only as general
indicators of high pore-water pressures and would be in-
adequate for a detailed stability analysis of the slope at
the time of failure.

Instrumentation was inadequate in the study area to
determine the delay between peak intensity during a
storm and peak piezometric level. Because of the low
relative permeability of the clayey-silt regolith in the study
area, the delay time required for peak piezometric
response of shallow aquifers after a storm is probably
longer than the 4- to 18-hour delay observed in more
permeable soils in Oregon (Pierson, 1977). Improvements
in continuous monitoring of shallow ground-water levels
and for recording peak levels have recently been
developed by Pierson (1980) and Sidle and Swanston
(1982); these procedures should provide more precise in-
formation on the temporal relation between high-intensity
rainfall and peak piezometric levels.

DEBRIS FLOWS IN THE STUDY AREA
DESCRIPTION OF DEBRIS FLOWS: 1975-80

Five debris flows (1-5, pl. 3) were observed in the study
area after high-intensity storms between 1975 and 1980.
These flows initiated as shallow (max 1.5 m deep) slides,
either rotational or translational, that involved only
regolith or a combination of regolith and completely
weathered bedrock. The translational slides involved slabs
of regolith and incorporated rock fragments sliding over
a planar surface of intact weathered rock inclined at an
angle of at least 26° (fig. 5.4). The rotational slides oc-
curred on concave hillslopes steeper than 20° (fig. 5.5) that
commonly had more deeply developed soil profiles.

Characteristics and properties of these flows are listed
in tables 5.1 and 5.2.

DESCRIPTION OF DEBRIS FLOWS:
DECEMBER 29, 1981

The storm of December 29, 1981, triggered five debris
flows in the study area, all of which were small in volume
(less than 10 m?) and had relatively short runout distances
(less than 20 m). Only the largest of these debris flows
(6) is identified on plate 3; the others are omitted because
of their diminutive size and because they occurred in areas
where other larger flows were subsequently mapped.

Soil moisture was probably high immediately before this
storm because of heavy rainfall during the preceding
months, particularly during November and December
1981 (fig. 5.6). The prestorm seasonal rainfall (July 1-Dec.
28, 1981) at Harrington Creek was 396 mm (15.60 in.),
significantly above the to-date seasonal average (1954-81)
for La Honda of 278 mm (10.94 in.). Rainfall of 80 mm
(3.13 in.) during the 15 days preceding this storm probably
put the regolith in a nearly saturated condition by the
beginning of the storm.

Although 24-hour rainfall total of 556 mm (2.15 in.) for
the December 29, 1981, storm was not unusually high in
comparison with other storms (table 5.2), the steady,
moderately intense rainfall equal to or exceeding 5.0
mm/h(0.20 in/h) for a 6-hour period (fig. 5.7A) was unusual.

DESCRIPTION OF DEBRIS FLOWS:
THE JANUARY 3-5, 1982, STORM

Rain began falling in the La Honda area at approximate-
ly 6 p.m. P.s.t. January 3, 1982, and continued for 38
hours until 8 a.m. January 5, by which time 153 mm
(6.04 in.) had fallen. The continuous record of this storm
from the Harrington Creek gage (fig. 5.7B) illustrates that
the intensity was relatively steady during the 11-hour
period between 5 a.m. and 4 p.m. January 4, when inten-
sities consistently ranged from 5.1 to 8.1 mm/h (0.20-
0.32 in/h). During the later part of the storm, between
4 and 10 p.m. January 4, intensities increased slightly to
between 5.8 and 10.7 mm/h (0.23-0.42 in/h). The few
documented times of debris flows in the La Honda vicin-
ity occurred during this 6-hour period, the most intense
part of the storm.

Numerous (74) debris flows (fig. 5.8) and less numerous
(15) other landslides—slumps and block slides—were
mapped (see pl. 3) in the field 1 day after the storm and
from aerial photographs taken during the week after the
storm. The volumes of these flows were generally large
and were estimated to range as large as several hundred
cubic meters. Runouts of some flows exceeded 100 m.
Commonly, the thickness of material involved in the ini-
tial failure at the debris-flow scar ranged from 0.5 m to
slightly more than 1 m.
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DESCRIPTION OF DEBRIS FLOWS:
DECEMBER 1982-MARCH 1983

Five storms during the unusually wet 1982-83 rainfall
season triggered 26 debris flows in the study area (see
pl. 3). Most of these debris flows occurred during the storms
of January 22-23 and January 26, 1983. Seasonal rain-
fall before the January 22-23 storm of 495 mm (19.48 in.)
was a2bove average and, in combination with rainfall of
41 mm (1.60 in.) during the week before this storm, created
ideal soil-moisture conditions for triggering debris flows.

Debris flows occurring during the 1982-83 season ini-
tiated similarly to those described previously for the other
storms, that is, as shallow slides involving thin slabs of
regolith. Volumes of individual flows ranged from 2 to
30 m3, with runout distances of from 6.5 to 64 m.

CHARACTERISTICS AND PROPERTIES OF
DEBRIS FLOWS: 1975-83

From field examination and sampling of the debris-flow-
source areas (scarps and base, fig. 5.9) and deposits, we

characterized the debris flows that occurred in this area
near La Honda between 1975 and 1983. Descriptions and
measurements of the source and runout areas for selected
debris flows are listed in table 5.1, and geotechnical prop-
erties of selected debris flows, including grain-size
distribution, Atterberg limits, and field water contents,
are listed in table 5.2. Profiles of two typical debris flows
illustrating the terms utilized in tables 5.1 and 5.2, in rela-
tion to measurements and sampling locations on debris
flows, are shown in figure 5.9. In general, most debris
flows initiated as slabs of regolith sliding along planar
bedrock surfaces inclined at 26°-45°. After translational
movements of as little as 1 m, these slabs mobilized into
flows that commonly left lateral levees bounding a well-
defined central channel (fig. 5.104). Deposition typically
occurred on slopes of 9°-22°, where the flow front was
typically from 0.1 to 0.3 m thick.

Measurements of natural water content from the
deposits of four debris flows sampled within the day after
a particular storm indicate that the material in these
deposits was within +6 percent water content of the liquid
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FIGURE 5.4.—Debris flow from the January 26, 1983, storm (13, table 5.1) that originated as a translational slide of soil over a planar bedrock
surface. Debris-flow scar is approximately 4 m wide, 8 m long, and from 23 to 40 ¢cm deep on a uniform slope of between 85° and 38°.
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limit (table 5.2). Natural water content of the intact
material from the scarps and base of three of these debris
flows was approximately 11 percent less than the liquid
limit, a value suggesting that water was absorbed during
the process of debris-flow mobilization and (or) transport
(see section entitled “Mobilization,” chap. 6). Mobilization
of intact sliding slabs of regolith into flows by the incor-
poration of water has been postulated (Johnson and Rahn,
1970; Rodine, 1975) to be a significant mechanism of
debris-flow generation on hillsides. Mobilization of an in-
tact slab into a flow while undergoing small displacement
was described by Rogers and Selby (1980).

We observed cracks adjacent to and upslope of many
of the debris-flow scars in the study area, similar to those
shown in figure 5.10B, after the January 3-5, 1982, storm.
These cracks provide a route by which water from over-
land surface flow can enter the slope materials, further
saturate the slope, reduce material strength, and con-
tribute to the initiation of debris flows. During the
January 3-5, 1982, storm in another part of the Santa
Cruz Mountains, an eyewitness (Gary Greene, written
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commun., 1982) reported narrow cracks developing on a
chaparral-covered slope on which overland surface flow
was occurring. For as long as 2 minutes, the cracks con-
tinued to open with water flowing in, until the slope
mobilized suddenly as a rapid debris flow.

FACTORS AFFECTING THE INITIATION
OF DEBRIS FLOWS

EFFECTS OF VEGETATION

We observed in the field and from aerial photographs
that more debris flows began on grass-covered slopes than
in brush-covered and forested areas. Because slopes in the
study area are estimated to be covered approximately as
much by grass as by brush and trees, these grass-covered
slopes appear to have been more susceptible to debris
flow. Root strength may contribute to this apparent dif-
ference in debris-flow susceptibility. In several different
laboratory soil profiles, roots of grasses have been found
to provide most strength to the surficial soil mass above
0.3 m but only negligible strength below 0.45 m, whereas

-

.—Debris flow of February 13, 1979 (4, table 5.1), that originated as a rotational slide within a topographic depression. Note scars
of previous debris flows.
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TABLE 5.1.—Characteristics of selected debris flows

Debris
flow
(pl.

3)

Date of
storm

Description of initial failure
and source of debris flow

initial

Volume Max i mum

of thickness (m) Slope angle

Runout
distance
Flow (m)

termination

Initial
failure

Flow
deposits

Initial
slide

slide
(m3)

1 Translational sliding of topsoil along 1/13-14/78
planar siltstone bedrock surface
below planar grassy slope.

2 Three coalescing slumps in black top- 1/13-14/78
soil below concave grassy slope (no
bedrock observed).

3 Slump in saturated uniform black ftop- 1/13-14/78
soi| below concave grassy slope (no
bedrock observed).

4 Slump through black fopsoil into gray 2/13/79
siltstone below large concave grassy
slope.

5 Trenslational sliding of black top- 2/13/80
soil along planar surface within
area of brush and frees.

6 Translational sliding of black clayey 12/29/81

silt along planar yellow siltstone

bedrock surface below planar grassy

slope.

1/3-5/82

1/3-5/82

9 Translational sliding of black top- 12/20-22/82
soil and weathered pebbly siltstone
over planar siltstone bedrock sur-

face below planar grassy slope.

10 Translational sliding of brown soil 12/20-22/82
over planar surface of completely
weathered shale below concave
grassy slope.

11 Slump in black topsoil below planar 1/22-23/83
grassy slope (no bedrock observed).

12 Slump in uniform black ftopsoil below 1/22-23/83
planar grassy slope (no bedrock
observed).

13 Three translational siides of brown 1/26/83
soil over surface of weathered gray
sandstone below planar grassy slope,
merging within channel into a single
debris flow path.

14 Large translational slide of black 2/25-3/2/83

topsoi |l that generated debris flow

along one lateral margin of slide

below planar grassy slope (no bed-

rock observed).

4.0 0.61 - 26°-28° -—- 30

24°-28° - 70

16.0

.50 -—-

200.0 1.50 .61 20° - 75

18.0 .91 -—= 38° -—- 90

9.1 .64 .40 29° 18° 21
6.3 .50 .09 29° 10° 45

1.5 .33

10.5 .50 .37 26° 11° 8

5.2 .61 .37 40° 14° 9

30.0 .50 .09 35°-47° 17° 64

37.0 .61 .21 28° -—- 37

roots of brush and trees develop maximum strengths at
deeper levels, generally below 0.3 m (Waldron, 1977;
Waldron and Dakession, 1981). Especially in coarse soils,
the cohesion provided by roots may contribute most
resistance against shallow sliding because of the small con-
tribution of frictional strength, owing to low confining
pressures at shallow depths. Because the depth of most
observed failures ranged from 0.5 to 1.0 m, as indicated

by the initial slab thickness in table 5.1, grass-covered
slopes with generally shallower roots could be expected
to provide far less resistance to failure than slopes covered
with brush and trees with generally deeper root systems.
In fact, in the debris-flow scars we examined in grass-
covered areas, the fact that the roots did not extend below
the failure plane confirmed that roots contribute negli-
gible strength at the depths significant to the initial failure
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TABLE 5.2.—Physical properties of debris-flow materials

Particle-size

distribution Field

Debris (percent) Plasticity Liquid water
flow index limit  content
Sand and r (pect)
pravel Sile Clay
6
Deposit--- 5 64 3l 26 58 ===
Bage====== 15 70 15 — ——= -—
R 7 62 3l -—- --- ---
7
Deposit——— 5 67 28 19 51 -—
Bage-—---- 7 65 28 HEE -— -—=
Scar===-=-= 7 65 28 mm = ==
8
Deposit=-= 7 63 30 28 58 -
Scar------ 8 60 32 - --- ---
Base—————- 5 53 42 S - -—
9
Deposit-—= 6 72 22 25 57 52
Scar-=——=- 3 63 34 -— s 46
10
Deposit--- 11 56 33 21-30 60-69 58
Scar--——- 17 59 24 - - -—-
11
Deposit-—— 18 59 23 29 61 55
Scar====== ] 49 41 — o 50
12
Deposit--- 14 b4 22 15 43 50
Base~--=-==-= 14 63 23 —— i 39
13
Deposit=== 27 52 21 20 46 -
Scar===-—— 63 28 9 -— -— -—

of debris flows. Thus, the root strength and depth of
various vegetation may contribute to the differences in
susceptibility of hillsides to debris flows.

EFFECTS OF HIGH PIEZOMETRIC LEVELS

We measured piezometric levels in shallow piezometers
after many of these intense storms. Fortuitously, we were
able to measure piezometric levels near several debris
flows (6-8, pl. 3) that occurred on December 29, 1981, and
January 8-5, 1982, Piezometric levels were within 0.36 m
of the ground surface on December 30 (approx 18 hours
after the storm ended) and within 0.25 m on January 6
(approx 26 hours after the storm ended). The locations
of the piezometers and the depths to the piezometrie sur-
face in relation to the debris flows are shown in figure 5.9.

Although neither continuous nor maximum-stage
measurements were obtained, these data document that
relatively high piezometric levels developed with respect
to the thickness of the initial slab that failed. If ground-
water flow remained strictly parallel to the slope surface,
these piezometric levels would have extended about
halfway between the failure surface and the top of the

slab, significantly reducing the resistance of the slab to
sliding. However, because we do not know the actual
ground-water-flow configuration between the piezometer
and the debris flows, pore-water pressures may have been
either greater or less than those estimated by assuming
ground-water flow parallel to the slope surface.

After the intense storm of January 13-14, 1978, an arte-
sian pore-water pressure of +0.38 m above the ground
surface was measured at a piezometer installed in a swale
(6, fig. 5.8). Convergence of three-dimensional subsurface
flow from steep upslope concave depressions into flatter
areas can be expected to cause nonparallel ground-water
flow and upward flow gradients that result in artesian
conditions. We measured artesian pore-water pressures
of 0.41 m at a piezometer on a more nearly planar slope
(7, fig. 5.3) after the storm of March 12-13, 1983; these
measurements indicate that exceptionally high pore-water
pressures can also develop in topography other than con-
cave depressions.

STORMS CAPABLE OF TRIGGERING DEBRIS FLOWS

To determine the storm characteristics significant for
triggering debris flows in the study area, we compiled
meteorologic data (table 5.3) for those storms between
1975 and 1983 that triggered debris flows. For com-
parison, we compiled similar data on other storms dur-
ing this same period that did not result in debris flows.
We used several measures of both prestorm and storm
rainfall for all these storms, and then compared the ef-
fect of each of these measures on the triggering of debris
flows.

During this examination, we developed a new measure,
intensity-duration (ID), which defines the duration (in
hours) that rainfall intensity (in millimeters per hour)
equals or exceeds a particular value. For example, an
IDs o of 3 h signifies that an intensity of at least 5.0 mm/h
(0.20 in/h) lasted 3 hours. This measure permits a more
precise determination of the effect of the time distribu-
tion of rainfall on the triggering of debris flows.

The ID values listed in table 5.3 were compiled from
data from the continuously recording rain gages at Har-
rington Creek and La Honda County Yard, with excep-
tions as noted. Although both gages measured similar
rainfall totals in the storms, we selected the data from
Harrington Creek when both sets of data were available,
because of its proximity to the observed debris flows as
well as the greater precision of that gage. For periods
when the Harrington Creek gage malfunctioned, data
from La Honda were used.

Values of IDg 5, ID5 g, IDg 5, ID7 5, and 1Dy 2 for 22
intense storms between 1975 and 1983 are listed in
table 5.3. As noted, rainfall intensity during this period
seldom exceeded 12.7 mm/h (0.50 in/h), and intensities ex-
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ceeding 10.2 mm/h (0.40 in/h) seldom lasted longer than
2 hours. In other parts of the Santa Cruz Mountains, par-
ticularly farther south in Santa Cruz County, intensities
typically exceed 25 mm/h (1.0 in/h) several times seasonal-
ly, and such intensities occasionally last several hours.
Because of such contrasts in rainfall intensity within
various parts of the Santa Cruz Mountains, our discus-
sion of threshold prestorm rainfall and storm intensity and
duration significant for the triggering of debris flows ap-
plies only to the study area.
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EFFECT OF PRESTORM RAINFALL

The data listed in table 5.3 also show the importance
of prestorm seasonal rainfall in generating debris flows.
We divided the storms into three groups, based on the
prestorm seasonal rainfall and the ability of the storms
to trigger debris flows. The storms in group 1 (1-10),
which occurred after a seasonal rainfall of 280 mm (11.0
in.), triggered debris flows; the storms in group 2 (11-17),
which oceurred before 280 mm (11.0 in.) of seasonal rain-

700 T T T T T
] o
i 600 |
g Storm of January 3-5, 1982
3
=
= 500 &
Z
-t
I Storm of December 29, 1981
2 400 + —~
<
'
d
g 300
2 5
<
W
77}
w
> 200+ y
o
<
=
2
3
5 100 ]
0 1 + T
July 1, 1981 Aug. 1 Sept. 1 Oct. 1 Nov. 1 Dec. 1 Jan. 1, 1982
DATE

FIGURE 5.6.—Daily cumulative rainfall from July 1, 1981, to January 15, 1982, at Harrington Creek, in comparison with averages of monthly
cumulative rainfall (arrows) for La Honda for 1954-81.
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FIGURE 5.7.—Rainfall hydrographs from Harrington Creck gage. A, December 29-30, 1981. B, January 3-5, 1982. Each peak represents 2.5 mm
(0.1 in.), and each individual step 0.25 mm (0.01 in.), of rainfall; each horizontal trace represents 1 d (24 h). ID values listed in table 5.3

were calculated from these hydrographs.
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fall, triggered no debris flows; and the storms in group 3
(18-22), which occurred after a seasonal rainfall of 280
mm (11.0 in.), triggered no debris flows. The importance
of prestorm seasonal rainfall can be seen by comparing
the rainfall characteristics and effects between groups 1
and 2. Even though the storms in group 2 had storm
totals, 24-hour maximums, 1-hour intensities, and ID
values exceeding those for most of the storms in group 1
(1-4, 6-10), the storms in group 2 did not trigger debris
flows, apparently because of insufficient prestorm
seasonal rainfall. Prestorm seasonal rainfall of 280 mm
(11.0 in.) was identified as a threshold.

Rainfall during the 2-, 7-, 15-, and 30-day periods
preceding each storm is compiled in table 5.4. These
values were not so distinctive as prestorm seasonal rain-
fall for distinguishing storms capable of triggering debris
flows. At least 12.7 mm (0.50 in.), generally from 38 to
152 mm (1.5-6.0 in.), of rain fell during the 15-day periods
before storms that triggered debris flows. Rainfall dur-
ing the 7- and 15-day periods before storms 1, 5, and 8,

which caused the greatest number of debris flows, was
significantly higher than for other storms, an observation
suggesting that rainfall during the 1- or 2-week period
preceding an intense storm may be significant in addition
to the prestorm seasonal rainfall.

The average of the values listed in table 5.4 for groups
1, 2, and 3 indicates that rainfall during the 15- and 30-day
periods preceding a storm for group 1 doubled that for
group 2, yet was below that for group 3, a result sug-
gesting insignificance for these periods of antecedent rain-
fall. A comparison of the average rainfall for the 2- and
T-day periods preceding a storm shows that the average
for group 1 exceeds the averages for groups 2 and 3, a
result suggesting possible significance for rainfall during
the week preceding a storm. Nonetheless, conclusions
based on these averages for such a small number of
samples should be preliminary and subject to further
verification. Additional data are needed to further estab-
lish the amount of prestorm rainfall that is significant dur-
ing these periods before storms and to establish the effect

FIGURE 5.8.—Numerous debris flows triggered near La Honda by the January 3-5, 1982, storm, Arrows indicate debris-flow scars. Same hillslope
as in figure 5.5.
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of week-long dry periods on soil-moisture conditions and
the ability of storms to trigger debris flows.

By the time of the January 3-5, 1982, storm, seasonal
rainfall of 460 mm (18.9 in.) had far exceeded the prestorm
threshold of 280 mm (11.0 in.) (see fig. 5.6). In addition,
rainfall within 7- and 15-day periods preceding the storm
was extremely heavy—86 mm (3.4 in.) and 155 mm
(6.1 in.), respectively. That soils were nearly or completely
saturated early in this storm in the La Honda area is also
suggested by calculations from the U.S. National Weather
Service’s Sacramento Streamflow Model, which deter-
mined complete saturation of the mountainous San Loren-
zo River drainage of Santa Cruz County by 9:00 a.m. P.s.t.
January 4, 1982 (R.J.C. Burnash, oral commun., 1982).

The rise in piezometric level after intense storms was
also observed to depend on whether the prestorm
seasonal-rainfall threshold had been achieved; the data
listed in table 5.5 show that piezometric levels after the
storms in group 2 (11-17) remained generally below those
after the storms in group 1 (1-10) and group 3 (18-22)
(except for storm &, for which there is a possible error
in piezometric measurement). These data further show
that storms 18 through 22, which occurred after the

prestorm threshold had been reached, resulted in relative-
ly high piezometric levels, even though ID values, par-
ticularly IDs o, were not so high as those for storms 1
through 10, a relation indicating the importance of soil-
moisture storage and downslope flow, even within a
shallow hydrologic regime.

EFFECT OF STORM INTENSITY-DURATION

By comparing the ID values for the different storms in
groups 1 and 3 (table 5.3), an intensity-duration threshold
was identified for storms that triggered at least one debris
flow within the study area. On a plot of values of con-
tinuous duration at different levels of intensity for the
storms in groups 1 and 3, this threshold is evident in figure
5.114, separating the storms that triggered debris flows
(circles) from those that did not (dots). Each storm is
represented by a family of circles, with a value corre-
sponding to a duration of each particular intensity. The
two circles that lie to the left of the threshold are mini-
mums, and the error in measurement associated with
these values spans the threshold and confirms the trend.

METERS Piezometer 8
0 DEBRIS FLOW 6 r
Piezometric level, 0.36 m,
measured Dec. 30, 1981
Casagrande porous-sione piezometer N
Angle of planar failure surface, 32° - Al
«+——Flow thickness
10 r
Angle of flow deposition, 17° ™~
A P— | . i 1 i i S ST ) 1 L !
0 10 20 30 40 50 METERS
METERS Piezometer 8
0 DEBRIS FLOW 7
Piezometric level, 0.25 m,
measured Jan. 6, 1982
10 -
i 1 SN (TS [ | | S 1 1 1 |
0] 10 20 30 40 50 METERS

Fi1GURE 5.9.—Profiles of debris flows 6 and 7 (pl. 3), showing location of piezometer (8, fig. 5.3). Inset shows level of ground water within failure
slab equivalent to piezometric level measured nearby on January 6, 1982; actual maximum level in slab is unknown.
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Fi1GURE 5.10.—Debris flow 3 (pl. 3) triggered January 13-14, 1978, by slumping in regolith within a topographic depression. A, Lateral
levees bounding channel about midway along debris flow. B, Slump and scar at head of debris flow. C, Entire debris flow, showing
locations of closeups in figures 5.104 and 5.10B.
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Below an intensity of approximately 2.5 mm/h (0.10
in/h), the threshold in figure 5.114 is not particularly well
constrained. Physically, the independence of duration and
intensity on triggering debris flows below this low inten-
sity may correspond to the ability of soils on steep slopes
to drain under low rates of rainfall infiltration without
appreciable buildup of pore-water pressure. For higher
intensities, the data are not sufficiently accurate to extend
the threshold for durations of less than 1 hour. High-
intensity rainfall of short duration may not be so signifi-
cant for triggering debris flows in the low-permeability,
cohesive soils of this area as in other areas of more highly
permeable, cohesionless soils, where pore pressures can
rapidly respond to high-intensity rainfall (Sidle and
Swanston, 1982).

The intensity-duration threshold is best defined within
the range of intensities from 5.0 to 10 mm/h (0.20-0.40
in/h). If this threshold is considered as asymptotic at its
extremes, then the relation between duration and inten-

sity to trigger debris flows can be expressed by the
equation

D=9.0/(I-1.7),

where D is the continuous duration of rainfall (in hours)
equal to or exceeding an intensity I (in millimeters per
hour) (R.C. Wilson, written commun., 1985).

The effect of antecedent rainfall is again demonstrated
in figure 5.11B, where duration and intensity for storms
with less than 280 mm (11.0 in.) of prestorm seasonal rain-
fall (group 2, table 5.3) are plotted. The triangles (repre-
senting storms in group 2 of table 5.3) are distributed on
both sides of the intensity-duration threshold line. Signif-
icantly higher intensities and longer durations, above the
threshold in some of these storms that nonetheless did
not trigger debris flows, confirm the strong influence of
antecedent rainfall on the ability to trigger debris flows
within the range of storm intensity and duration observed.

FIGURE 5.10.—Continued
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SIGNIFICANCE OF
THE JANUARY 3-5, 1982, STORM

The rainfall characteristics of the January 3-5, 1982,
storm, in comparison with those of other storms that
resulted in debris flows, indicate that this storm was ex-
ceptional from a recurrence standpoint. All the ID values
for the January 3-5, 1982, storm generally exceeded those
for the other storms listed in table 5.3.

We evaluated the January 3-5, 1982, storm, using the
depth-duration-frequency analysis developed by Rantz
(1971) for areas within the San Francisco Bay region.
Using depth-frequency curves for the 760-mm (30 in.)
average seasonal rainfall of the La Honda study area,
storm-recurrence intervals R, (in years) were evaluated
for the maximum 1-, 2-, 3-, 6-, 12-, 18-, and 24-hour rain-
fall totals measured at Harrington Creek. As listed in
table 5.6, the unusual aspect of the rainfall during the
January 3-5, 1982, storm was the total rainfall for the
18hour period, which had a recurrence interval of

60 years. Interestingly, the January 26, 1983, storm,
which was responsible for the second highest number of
debris flows, had an R, of 7 years for the maximum
6-hour-period rainfall total. Tabulation of the recurrence
intervals for the other storms indicates that isolated, less
abundant debris flows could be expected to occur at least
every 2 years.

This threshold is notably less than that identified for
abundant debris flows in the San Francisco Bay region
(see chap. 4) and that proposed by Caine (1980) for debris
flows reported worldwide. However, because the thresh-
old for the study area is based on storms that caused as
few as one debris flow in the 10-km? area, this difference
is not too surprising. We characterized isolated debris
flows as less than 1 per square kilometer, and abundant
as greater than 1 per square kilometer, following the
general procedure of Govi and Sorzana (1980) for cali-
brating the intensity of debris-flow effects. Within the
study area, the number of debris flows generally increased
with increasing ID values. We have developed preliminary
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F1Gure 5.10.—Continued
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TABLE 5.3.—Storm-rainfall characteristics related to debris flows in the study area, 1975-83

[Data for storm 1 averaged from U.S. National Oceanic and Atmospheric Administration continuously recording

rain gages at Berkeley and San Francisco Weather Station offices.
uously recording rain gage at La Honda-San Mateo County Yard (2.5-mm [0.l in.] hourly readings).
storm 10 from continuously recording rain gage at Weeks Creek (2.5-mm [0.l in.] hourly readings).

Data for storms 2, 3, and 14 from contin-
Data for
Data for

all other storms from continuously recording rain gage at Harrington Creek (0.25-mm [0.0l in.] continuous

readings) ]
Erestorm Stor; Max Max e
m
D I ID ID ID £
Storm Date izi:;Zii total 24 h 1 h IDy.5 b5.0 6.5 7.5 10.2 de:ris
(mm) (mm) (mm) (mm) (h) (h) (h) (h) (h) F16WE
Group 1
1 1/13-14/78 388 70.1 61.0 8.1 4 3 2 2 0 3
2 2/13/79 282 55.9 55.9 10.2 9 3 1-2 1 1 1
3 2/18/80 492 45.7 45,7 10.2 7 3 2~3 2 1 1
4 12/29/81 396 57.4 54.6 8.1 6.7 6.3 5.5 2.4 0 5
5 1/3-5/82 480 153.4 137.7 10.7 19.2 16.5 13.8 4.3 1.7 74
6 12/20-22/82 351 104.1 64.8 10.9 3.8 3.3 32 2.8 1.3 2
7 1/22-23/83 495 98.3 58.7 14.2 6.4 3.1 2.2 2.1 1.3 8
8 1/26/83 601 77.5 76.2 24.4 6.1 5.0 4.8 4.5 2.0 13
9 2/25-3/2/83 873 154.9 62.2 10.9 3«5 3.1 2.3 2.1 1.2 1
10 3/12-13/83 1,059 55.9 55.9 10.2 6 S 3-4 3 1 2
Group 2
11 3/15-16/77 264 51.6 51.6 6.4 8.7 3.1 1.0 0 0 0
12 1/7-11/79 90 103.9 47.0 15.2 55 2.0 1.6 1.6 1.6 0
13 1/14-15/79 197 68.8 68.8 14.0 5.5 3.4 1.6 1.6 1.3 0
14 12/23-24/79 231 127.0 116.8 20.3 10 4 3 3 2 0
15 1/26-29/81 165 12247 71.4 10.9 5.2 3.5 2.5 1.2 1.0 0
16 11/18/82 168 81.3 81.3 10.2 9.3 7.4 5.5 5.3 1.0 0
17 11/27-30/82 256 8l.5 35.6 1247 4.9 2.4 2.3 2.1 1.4 0
Group 3
18 3/12-13/81 376 60.4 60.4 11.9 7.9 2.2 2.0 1.7 1.0 0
19 2/13-17/82 724 127.8 72.9 8.9 8.1 2.7 1.5 1.0 0 0
20 3/28-4/3/82 949 139.9 63.2 8.9 7.0 2.4 1.7 1.5 0 0
21 4/10-11/82 1,096 59.7 50.8 6.9 3.8 1.7 1.2 0 0 0
22 2/5-8/83 708 100.8 50.5 8.9 2.4 1.7 1.6 1.2 0 0

criteria (table 5.7) for storms that would induce isolated
as well as abundant debris flows.

CONCLUSIONS

For the La Honda study area, both prestorm rainfall
and the duration of high-intensity rainfall determine
whether a storm will trigger debris flows. Once a pre-
storm seasonal threshold of 280 mm (11.0 in.) is exceeded,
high-intensity storms are capable of generating debris
flows. We quantified the duration of high-intensity rain-
fall, using a measure termed ID, the duration over which
rainfall equals or exceeds a particular intensity. We deter-
mined a general equation for a threshold for triggering
at least one debris flow within the area that is best defined
for ID5 g to ID1g9. An IDs g value of 3 hours or more
represents the most significant single index of those

storms that caused debris flows in contrast to those that
did not. '

High piezometric levels in shallow regolith and highly
weathered bedrock, generated during and immediately
after intense storms, triggered translational and rota-
tional slides that mobilized into debris flows. The piezo-
metric rise after a storm depended on prestorm rainfall
as well as ID value. These observations compared well
with the limited previous piezometric measurements ob-
tained near debris flows (Sidle and Swanston, 1982), as
well as with previously witnessed initiations of debris
flows (Rogers and Selby, 1980).

The significance of the January 3-5, 1982, storm from
a mass-wasting perspective is conveyed by the large
number of debris flows within this area in comparison with
the number of flows observed after other storms. From
a meteorologic viewpoint, the significance of this storm
was indicated by a 60-year recurrence of the 18-hour max-
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TABLE 5.4.—Rainfall during the 2-, 7-, 15-, and 30-d periods preceding storms

Prestorm rainfall (mm) Frastoru
seasonal
Storm Date 5
rainfall
2d 7d 15 d 30d (mm)
Group 1
1 1/13-14/78 1.8 53.6 120.9 246.9 388
2 2/13/719 +0 .0 12.9 88.9 282
3 2/18/80 22.9 71.1 71.1 71.1 492
4 12/29/81 2.8 18.3 79.5 95.8 396
5 1/3-5/82 15.2 86.4 154.7 179.3 480
6 12/20-22/82 <0 10.2 13.5 98.0 351
7 1/22-23/83 .5 41.1 41.1 86.1 495
8 1/26/83 7.6 106.4 147.1 147.1 601
9 2/25-3/2/83 5.0 32.2 63.5 272.0 873
10 3/12-13/83 .0 20.6 185.4 248.9 1,059
Average—===——== 5.6+7.7 44.0£34.9 89.0+60.4 153.4+77.8 =
Group 2
11 3/15-16/77 2.8 9.1 9.4 43.7 264
12 1/7-11/79 2.3 2.8 2.8 16.3 90
13 1/14-15/79 1.8 103.9 106.9 120.4 197
14 12/23-24/79 ] 19.3 19.3 25.1 231
15 1/26-29/81 0 55.4 58.9 86.9 165
16 11/18/82 ] 20.3 25.4 118.1 168
17 11/27-30/82 .0 3.0 84.3 132.6 256
Average--=--=-=== 1.0%1.3 30.5+37.0 43.9140.1 77.6148.7 ——
Group 3
18 3/12-13/81 0.0 0.0 43.4 65.8 376
19 2/13-117/82 0 0 .0 90.7 724
20 3/28=4/3/82 3.0 10.4 53.3 97.8 949
21 4/10-11/82 <0 19.1 150.1 201.7 1,096
22 2/5-8/83 22.9 43.4 213.9 254.5 708
Average---==-==— 5.2x10.0 14.6+18.0 92.1%87.4 142.1481.6 -
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imum rainfall, whereas the other storms that caused
debris flows generally had a less than 2-year recurrence.
Therefore, although a few isolated debris flows can be ex-
pected on a more or less regular yearly basis, most slope
modification from widespread and abundant debris flows
appears to occur far less frequently—only during such
long-duration, high-intensity storms as that of January
3-5, 1982.
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TABLE 5.5.—Piezometric levels measured after storms
[Plus sign indicates pore-water pressure above ground surface, commonly re=
ferred to as artesian, All other piezometric levels indicate depth beneath
ground surface]
E : Time of
PledtsrE DEpthltu ;;lﬁzometnc e
Stoim Date ne?sonll IDg o eNe m) ment
rainfall (h) after
(mm) (8, (7, scorm
Figs 5.3) (fig. 5.3} {d)
Group 1
1 1/13-14/78 388 3 0.94 0.42 5
2 2/13/79 382 3 .51 .10 10
3 2/18/80 492 3 e == o=
4 12/29/81 396 6.3 36 51 1
5 1/3-5/82 4BO 16.5 25 <43 1.5
6 12/20-22/82 351 3.3 2.03 .03 1
7 1/22-23/83 495 3.1 -86 .03 1.5
8 1/26/83 601 5.0 4.38(7) 38 2
9 2/25-3/2/83 873 3.1 «53 +.10 1
10 3/12-13/83 1,059 5 2.36 +a41 2
Group 2
11 3/15-16/77 264 3.1 dry 4443 3
12 L/7-11/79 90 2.0 2.76 .88 1
13 1/14-15/79 197 3.4 5.82 -84 7
14 12/23-24/79 231 4 5.08 1.78 5
15 1/26-29/81 165 3.5 5.79 1.42 5
16 11/18/82 168 T4 4.67 == 1
17 11/27-30/82 256 2.4 4.85 -—= 3
Group 3
18 3/12-13/81 376 2.2 e S b
19 2/13-17/82 724 2.7 -38 .15 1
20 3/28-4/3/82 949 2.4 59 .19 4
21 4/10=11/82 1,096 1.7 76 «33 9
22 2/5-8/83 708 1.7 2.76 .03 2

61

hillslopes in the Oregon Coast Range: Seattle, University of Wash-

ington, Ph.D. thesis, 166 p.

1980, Piezometric response to rainstorms in forested hillslope
drainage depressions: Journal of Hydrology, v. 19, no. 1, p. 1-10.

Rantz, S.E., 1971, Mean annual precipitation and precipitation depth-
duration-frequency data for the San Francisco Bay region: U.S.
Geological Survey open-file report, 23 p.

Rodine, J.D., 1975, Analysis of the mobilization of debris flows: Stan-
ford, Calif., Stanford University, Ph.D. thesis, 226 p.

Rogers, N.W., and Selby, M.J., 1980, Mechanism of shallow transla-
tional landsliding during summer rainstorms: North Island, New
Zealand: Geografiska Annaler, v. 62, ser. A, no. 1-2, p. 11-21.

Selby, M.J., 1976, Slope erosion due to extreme rainfall: A case study
from New Zealand: Geografiska Annaler, v. 58, ser. A, no. 2,
p. 131-138.

Sidle, R.C., and Swanston, D.N., 1982, Analysis of a small debris slide
in coastal Alaska: Canadian Geotechnical Journal, v. 19, no. 2,
p. 167-174.

Stanger, F.M., 1967, Sawmills in the redwoods: San Mateo, Calif., San
Mateo County Historical Association, 160 p.

Waldron, L.J., 1977, The shear resistance of root-permeated homo-
geneous and stratified soil: Soil Science Society of America Jour-
nal, v. 41, no. 5, p. 843-849.

Waldron, L.J., and Dakessian, Suren, 1981, Soil reinforcement by roots:
Calculation of increased soil shear resistance from root properties:
Soil Science, v. 132, no. 6, p. 427-435.

Wieczorek, G.F., 1982, Map showing recently active and dormant land-
slides near La Honda, central Santa Cruz Mountains, California:
U.8. Geological Survey Miscellaneous Field Studies Map MF-1422,
scale 1:4,800.

TABLE 5.6.—Recurrence intervals of maximum rainfall during 6-, 18-, and 24-h periods for storms
that caused debris flows in the study area

[For each storm, recurrence intervals (Llc) are for maximum rainfall during each

period, as determined by the method of Rantz (1971).

Those R, values listed

as 2 may actually be somewhat less than 2]

Period - 6 h 18 h 24 h
Maximum R Maximum R Maximum R
Storm Date rainfall — rainfall —c rainfall —c
(mm) (yr) (mm) (yr) (mm) (yr)
1 1/13-14/78 26.2 2 36.8 2 61.0 2
2 2/13/79 25.4 2 50.8 2 55.9 2
3 2/18/80 38.1 2 45.7 2 45.7 2
4 12/29/81 40.6 2 52.1 2 54.6 2
5 1/3-5/82 51.3 3.4 129.5 60 137.7 18
6 12/20-22/82 30.5 2 52.1 2 64.8 2
7 1/22-23/83 39.4 2 58.7 2 58.7 2
8 1/26/83 59.4 7.0 63.5 2 76.2 2
9 2/25-3/2/83 26.7 2 48.8 2 62.2 2
10 3/12-13/83 38.1 2 48.3 2 55.9 2
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TABLE 5.7.—Intensity-duration and prestorm seasonal rainfall thresh-
olds for storms that triggered isolated and abundant debris flows near

La Honda, Calif.

[The size of individual debris flows falls within a fairly narrow range (10-
100 m2). Because individual debris-flow areas are small in relation to the
monitored field area, the magnitude of the effects from individual storms is
expressed in terms of the number of flows per square kilometer, according to
the procedure of Govi and Sorzana (1980)]

Minimum prestorm
seasonal rainfall IDs.o 1D7.5 R
(mm) (h) (h) (yr)
Isolated debris flows 280 3-6 2 2
(less than 1/km®),
storms 1-4, 6, 7, 9, 10.
Abundant debris flows 381 5-16 4-14 7-60

(more than 1/km?),
storms 5, 8.
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ABSTRACT

Almost all documented debris flows triggered by the storm of January
3-5, 1982, in the San Francisco Bay region developed from shallow slides
(soil slips). These soil slip/debris flows ranged from small events that
traveled about 10 m, to soil slip/debris torrents that traveled down major
canyons for more than a kilometer. Elements common to these phenom-
ena were their typical occurrence during intense storm rainfall, flow
as slurry, generally rapid movement, and sudden impact.

Typical soil slips originated in the soil mantle on steep (26°-40°)
hillslopes and left empty scars, 1 to 3 m deep and 5 to 15 m across.
Leading downslope from these scars were debris-flow trails marked by
flattened or stripped vegetation and by remnants of the flow material,
particularly along the trail margins. Soil that mobilized as debris flows
ranged from nonplastic sandy soil (SM of the Unified Soil Classifica-
tion [USC] system) to moderately plastic soil (MH and CL of the USC
system) containing as much as 35 percent clay-size (less than 2 ym) par-
ticles. Most soil slips mobilized completely as debris flows, leaving scars
empty of failed material, but some mobilized only partially. Many soil
slips and debris flows, especially in areas of brush and woodland, were
interrelated as parts of complexes that included numerous scars.

The development of soil slip/debris flows consisted of several phases:
movement of water to sites of failure, initial failure by sliding, mobiliza-
tion of the sliding mass as a flowing slurry, and flow of the slurry. Failure
at susceptible sites generally required both concurrent intense rainfall
and concentration of water in the landscape. Mobilization occurred by
both contractive and dilative means, and these can be predicted by using
steady-state soil testing or the ratio of saturated water content to liquid
limit. The resulting debris flows were facilitated by channels and affected
by vegetation in the path, which influenced their capacity to augment
themselves by triggering auxiliary soil slips.

INTRODUCTION

The rainstorm of January 3-5, 1982, in the San Fran-
cisco Bay region triggered thousands of shallow landslides
that flowed rapidly downslope as debris flows (see “Intro-
duction” to this volume for landslide terminology). This
storm left abundant evidence of the mechanics of these
landslides and provided an incentive to understand them,
so that damage can be anticipated and avoided in the
future.

This chapter describes these landslides and analyzes the
mechanics of their development. Descriptions are based
on field observations and limited soil testing during 1982.
The analysis uses simple, approximate models intended

to clarify the process, rather than sophisticated models
designed for precise prediction.

TERMINOLOGY

Use of terms in this chapter generally follows the usage
described in the “Introduction” to this volume. Debris
flows of the storm typically originated in soil, a term used
here in the engineering sense of unconsolidated earth
material. Soil is called granular where it consists domi-
nantly of sand and silt and thus is noncohesive to slightly
cohesive. A thin cover of soil, here called soil mantle,
blankets bedrock in hillside terrain of the region. The soil
mantle typically ranges in thickness from about 0.3 to 3 m,
thickening toward draws; it includes both residual and
transported (colluvial) soil and typically consists of both
debris (soil containing a significant proportion of coarse
fragments) and earth (soil lacking any significant propor-
tion of coarse fragments). Both earth and debris were
significant components of debris flows in the storm. In
addition, organic debris, such as logs and bushes, was a
common component and, in places, constituted much of
the transported material.

The debris flows typically originated as soil slips,
shallow slides in the soil mantle that left empty scars on
hillslopes (fig. 6.1). Leading downslope from the scars
were trails of soil, organic debris, and stripped or flat-
tened vegetation left by the process of debris flow (John-
son, 1970; Varnes, 1978). Scars and trails thus marked
the sources from which material slid and the paths along
which it flowed down hillslopes or channels as muddy
slurries, commonly at high velocities. In this chapter, such
complex landslides are designated by combined terms,
such as soil slip/debris flow (after Campbell, 1975),
because such terms distinguish the principal parts of the
process by which debris flows develop from slides of the
soil mantle. Thus, the term “debris flow” in this chapter
designates only the flow part of the complex process.
“Debris flow"” includes mudflow, debris avalanche, and
debris torrent, as discussed in the “Introduction” to this
volume, because these processes are considered mechan-
ically similar (Johnson, 1984, p. 257; Pierson and Costa,
1984).
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FIGURE 6.1.—Typical scars and trails of soil slip/debris flows on a hillslope near San Rafael, Marin County. Soil-slip scar near center is about
5 m wide.
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DESCRIPTION OF SOIL SLIP/DEBRIS
FLOWS IN THE STORM

Nearly all documented debris flows that resulted from
the storm were soil slip/debris flows.! Typical configura-
tions of soil-slip scars and debris-flow trails are shown on
plates 4 and 6 and in figure 6.1. Some trails extended only
several meters downslope, some down sidehill channels
to gentle ground, and some down major canyons for con-
siderable distances. Figure 6.2 shows the range in scale
of these phenomena.

CASE STUDIES

The variety of soil slip/debris flows is illustrated by case
studies of five events in Marin County. These studies show
the range in scale and complexity of the phenomena, docu-
ment their impact on society, and describe other note-
worthy aspects of their behavior. Locations of the case
studies are shown by number on plate 5; detailed maps
and profiles of most of the case studies are shown on
plate 4. Additional case studies are reported in chapters 8
and 9.

'The sole documented exception resulted from failure of a road embankment erossing Fall
Creek in San Mateo County (see chap. 8). A plugged culvert at the base of the embankment
ponded water, which led to the failure and resulting debris flow.

THREE PEAKS (CASE STUDY 1, PLS. 5, 6)

By Stepsen D. Erves and Davip M. PETERSON

At about noon on January 4, a soil slip/debris flow near
Three Peaks moved approximately 120 m down a steep
brush-covered hillslope and across a dirt road, then turned
sharply (approx 90°) and traveled about 300 m farther
down a canyon of gentle gradient. The soil-slip scar
developed in granular soil mantle overlying sandstone of
the Franciscan assemblage.

The movement of the debris flow from its inception near
the top of the steep hillslope to its sharp turn at the foot
was witnessed by Dan Adams (oral commun., 1982),
whose view of the event was similar to that shown in
figure 6.3. He heard a roar (above the sound of the motor-
cycle he was riding) and saw a single pulse of soil and
organic debris, including abundant pieces of brush, move
at about 40 km/h down the hillslope and across the road.
No soil-slip scars or debris-flow trails were evident on the
hillslope before the pulse, and nothing followed except a
trickle of water. The debris flow left no mud on the road.
Adams estimated the height of the front to be about 3 m
when it reached the road; he estimated the length of the
slug of flowing material to be about one-fourth the com-
bined length of the scar and trail above the road. The front
showed a rolling or tumbling motion as material high in
the front advanced faster than material near the ground
surface. The front was higher than the rest of the flow
and appeared to impede the progress of the flow some-
what. He likened the rest of the flow to a rushing creek.

The major soil-slip scar (near top, fig. 6.3) bottoms at
a depth of about 1 m in a light-colored lower layer of the
soil mantle. A large auxiliary scar, which extends from
this major scar down the right half of the flow trail (as
viewed), bottoms within a dark upper layer of the soil
mantle at a depth of about 0.5 m. Comparison of these
scar depths to the 3-m thickness observed at the front of
the flow indicates that the flow thickened considerably
in its course down to the road. In contrast, a cross sec-
tion of the debris-flow trail well downcanyon (beyond view
in fig. 6.3) measured only one-fifth the estimated cross
section at the road, a relation indicating that the flow had
strung out in its passage down the gently sloping canyon.

The principal significance of this event is that all the
scars (major scar, large auxiliary scar, and scars from
uprooted trees) were observed to form during a single
pulse of short duration. Thus, the soil slips within the trail
apparently were triggered instantaneously by passage of
the debris flow from the major scar.

Adams also witnessed another debris flow advancing
at about walking speed down a gently sloping channel
near the site described above.
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FIGURE 6.2.—Range in scale of damaging soil slip/debris flows triggered by the storm. A, Murray Park. B, Homestead Valley. C, Tiburon Ridge.

D, First Valley, Inverness. All examples are in woodland.
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MURRAY PARK (CASE STUDY 2, PL. 5)

On the afternoon of January 4, a soil slip/debris flow
originating only several meters away broke through a
25-cm-thick reinforced-concrete wall that formed both the
rear foundation of a small house and the rear wall of its
basement garage (fig. 6.4; Leary, 1982; S.J. Rice, oral
commun., 1982). Most of the house, which was unoccupied
at the time, was pushed about 10 m to a position across
Murray Avenue (pl. 4; fig. 6.2). The house was subsequent-
ly moved by another debris flow traveling down the valley
parallel to Murray Avenue.

This soil slip/debris flow is noteworthy because it ex-
hibited considerable power, yet had almost no space for
acceleration before impact. At house level, a walkway
about 1 m wide had separated the steep cut slope from
the rear wall of the house; below floor level, the concrete
wall of the basement garage had been flush against the
hill. The sliding or flowing mass thus had 1 m or less of
free space to accelerate before reaching the house and
breaking the wall. This behavior suggests that at least

FIGURE 6.3.—Scars and upper part of trail of soil slip/debris flow near
Three Peaks; rest of trail extends a short distance downslope below
road, then turns abruptly to right down a canyon. Major light-colored
soil-glip scar extends from crown downward to break in slope (upper
third of view). Trail within view consists of two parts. On right side

some soil slip/debris flows lost strength abruptly at the
very start of downslope travel.

The soil-slip scar developed on a wooded 31° hillslope
that lacked detectable channels. The base of this hillslope
had been steepened to make room for the house. The soil
slip involved granular colluvium and an underlying highly
permeable rubble, in turn overlying sandstone of the
Franciscan assemblage. There is evidence of piping near
this permeable rubble at the head of the scar. The posi-
tion of the landslide on what appears to be a uniform
hillslope may have resulted from colluvial fill in a bedrock
depression without surface expression (Dietrich and
Dunne, 1978), or from the presence of the house, either
through damming of ground water by the concrete wall
(which appears to truncate the permeable rubble zone) or
through decreased stability caused by the cut slope.

HOMESTEAD VALLEY (CASE STUDY 3, PL. 5)

At about 9:15 p.m. P.s.t. January 4, a soil slip/debris
flow originated approximately 60 m upslope from a house
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of photograph, a shallow (0.5 m) scar extends from major scar to road
and from edge of trail to about midway across trail; muddy deposit
coats brush along lower edge of trail. On left side, most vegetation
has been stripped, trees have been plucked (leaving small scars, such
as at left center), and a small tree at edge of trail has been bent over.



6. DESCRIPTION AND MECHANICS OF SOIL SLIF/DEBRIS FLOWS IN THE STORM 69

on Madrone Park Circle in Homestead Valley (pl. 4; fig.
6.2; Kearney, 1982; S.J. Rice, oral commun., 1982). The
house, occupied since 1962, was built on stilts and was
served by a small tramway because of the steep (37°)
slope. The debris flow moved toward the house down a
shallow draw in the wooded hillslope, incorporating
vegetation and soil and leaving mud plastered as high as
2 m on trees within the path (fig. 6.5). ““A waterfall of
mud,” as the occupants described it, struck the house and
sent it tumbling or flying down the hillslope (fig. 6.6).
Pieces of the house sheared the top from a power pole
and broke overhanging limbs of trees (fig. 6.6). The house
came to rest in the canyon bottom at the base of the
hillslope, about 45 m from its foundation. Two women
were trapped in the wreckage until rescued; both sus-
tained nonfatal injuries. The shattered house, along with
other material carried by the debris flow, dammed the
canyon bottom and thus blocked further progress of the
debris flow, which might otherwise have damaged at least
several other houses immediately downcanyon.

The soil slip/debris flow originated on a 30° slope and
traveled down slopes of 25° to greater than 35°, incor-
porating much material from its path. The soil-slip scar
is in granular colluvium that overlies sandstone of the
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Franciscan assemblage; soil-test data are listed in
table 6.1. Vegetated subdued soil-slip scars are present
near the head of the subtle draw that channeled the debris
flow to the housesite. This event is described in more
detail by Reneau and Dietrich (1987b).

TIBURON RIDGE (CASE STUDY 4, PL. 5)

At about 2:00 p.m. P.s.t. January 4, a soil slip/debris
flow developed on a 36° slope at the head of a canyon on
the forested east side of Tiburon Ridge above Paradise
Cove (pl. 4; fig. 6.2; S.J. Rice, oral commun., 1982; Smith
and Hart, 1982, p. 146). The material traveled 300 m down
the steep canyon, incorporating trees, forest-floor vegeta-
tion, and soil from much of its path. The debris flow leaped
from a small waterfall (approx 1.5 m high) in the canyon
bottom, leaving delicate ferns on the vertical face un-
disturbed. Trees along the debris-flow path show mud-
splash marks as high as 4 m above the margin of the path,
which lies approximately 6 m above the present canyon
bottom.

Following closely behind a pulse of muddy water, the
debris flow emerged from the canyon mouth. A young
man who narrowly escaped the flow estimated its veloc-
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FIGURE 6.4.—Soil-slip scar behind site of destroyed house in Murray Park. Broken concrete wall of basement garage is at left center.
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ity at 80 km/h, but this estimate is probably exaggerated.
The debris flow struck a house in its path, moved it 20 m
from its foundation, and killed its owner. The debris flow
then continued across Paradise Drive and through the
parking lot of Paradise Cove County Park. Most of the
material appears to have stopped while descending a
26° slope in the park, but some, possibly waterborne,
reached the San Francisco Bay.

Almost all the material involved was granular soil
overlying metasandstone of the Franciscan assemblage;
soil-test data are listed in table 6.1. Subdued soil-slip scars
from previous events are present near the head of the
canyon, and probable deposits from previous debris flows
are present near the mouth of the canyon (pl. 4).

The path of the debris flow includes several discrete
scars, in addition to large areas where soil was removed
from the canyon bottom (pl. 4). Relations between these
scars and lateral deposits suggest that the major scars
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FIGURE 6.5.—View down debris-flow trail in Homestead Valley toward
destroyed house (center). Note debris plastered 2 m high against tree
at right (top of debris indicated by arrow) and loose branch hanging
from tree at center.

developed in a sequence that progressed downecanyon. The
time interval between these failures is unknown; they may
all have contributed to a single event triggered by the
major flow, as at Three Peaks, or they could have pro-
duced a sequence of discrete debris-flow events. The ap-
parent downcanyon progression suggests that most scars
contributed to a single major event (see subsection below
entitled “Triggering Mechanisms Within Complexes”).

The pulse of muddy water that immediately preceded
the debris flow may have resulted from a discrete failure
early in the sequence of events, but more likely it was a
wave of water pushed ahead of the debris flow. A similar
pulse of water apparently occurred at Slide Mountain,
Nev., immediately before the debris flow or hyperconcen-
trated flood of May 30, 1983 (P.A. Glancy, oral commun.,
1983).

INVERNESS AREA (CASE STUDY 5, PL. 5)

By Steven L. RENEAU

Much of the storm damage in the steep and heavily
forested area near Inverness resulted from brief high-
energy surges of logs and sediment, or debris torrents,
that traveled down many of the main canyons on Janu-
ary 4 (fig. 6.7). Debris torrents are a type of debris flow,
probably grading to hyperconcentrated streamflow, that
consists of slurries and near-slurries of soil and coarse
organic debris that can travel as far as several kilometers
down canyons, commonly entraining much additional
material from the streambed and streambanks (Swanston
and Swanson, 1976; Swanson and Lienkaemper, 1978).
A debris torrent that emerged from the narrow canyon
above Dream Farm was described by a witness as a wall
of logs as high as a building, dropping in height rapidly
as the valley floor widened, and passing by within seconds.
Another debris torrent destroyed two houses at Redwood
Avenue and knocked a third off its pilings, carrying it
30 m to the edge of Tomales Bay. Buildings were also
destroyed by debris torrents at Dream Farm and in First
and Second Valleys.

All the canyons known to have been affected by debris
torrents retained distinctive features absent in the other
canyons; these features are illustrated on the detailed map
of First Valley (pl. 4). The most conspicuous feature is
erosion of the soil mantle and removal of nearly all the
vegetation from a swath commonly 15 to 20 m wide
(fig. 6.8); small scarps in the soil are abundant, and bed-
rock is commonly exposed. The few trees that remain are
plastered with mud to a height of 1 to 2 m on the upstream
side. In many places, the canyon bottoms are freshly
scoured to bedrock; at one locality above Redwood
Avenue, an estimated 6 m of material was eroded.

These canyons are also marked by persistent, commonly
narrow belts outside of the heavily eroded swaths, in
which the vegetation has been flattened, oriented down-
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canyon. The forest litter has been removed here, or the
vegetation has been plastered with mud. Piles of organic
debris and muddy deposits are present locally.

Debris torrents have several possible origins. In the
Pacific Northwest, landslides from adjacent hillslopes
dominate as a triggering mechanism, although some
originate by mobilization of organic debris in channels
(Swanson and Lienkaemper, 1978). Failure of temporary
landslide dams is another possible mechanism. On Inver-
ness Ridge, all the debris-torrent paths observed in this
study originated from shallow landslide sears, commonly
in the headwater regions of drainage basins, and so these
debris torrents could be called soil slip/debris torrents.
Beginning as soil slip/debris flows, the slurries were
apparently diluted by floodwater, and their organie-debris
content was increased manyfold by stripping of vegeta-
tion during travel of a kilometer or more down the
canyons.

Few debris torrents reached the base of Inverness
Ridge and Tomales Bay. The debris torrent at Redwood
Avenue continued across Sir Francis Drake Boulevard
and into the bay because the canyon remains narrow to
the base of the ridge. At Dream Farm, a pulse continued
across the highway as a wave 0.3 m high, but most of the
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logs were left against thick groves of alders upstream
from the highway. In First, Second, and Third Valleys,
stripping of vegetation and erosion of the soil mantle
decreased well upstream from the bay, where the valley
floors widen and the stream gradients drop. Many of the
fresh logjams that remained in the canyons after the
storm are terminal deposits of debris torrents that
stopped either where the logs themselves blocked the
channel or where the logs were held behind groves of
trees.

Most of the debris torrents occurred within a brief
timespan (fig. 6.7), according to the times provided
by eyewitnesses (J. Bauer, E. Clerico, M. Coronado,
D. Engler, T. Haney, G. Kohler, K. Kohler, T. Moses, and
B. O'Neil, oral communs., 1982). The general concurrence
in timing suggests that the debris torrents were triggered
by a period of exceptionally intense rainfall. One resident
of Second Valley reported that the surge there occurred
10 to 15 minutes after an exceptionally heavy 15-minute
downpour. A rain gage at the Nicasio Dam, 9 km to the
east, recorded the most intense rainfall between 11:00
a.m. and noon; this record provides supporting evidence
that the debris torrents accompanied a period of unusually
intense rainfall.

FIGURE 6.6.—Remains of Homestead Valley house resting in canyon bottom, about 45 m from its foundation (at right). Debris-flow trail in foreground.
Note impact marks on tree trunk and branches (arrows).



[Soils that flowed are noted in descriptions.

TABLE 6.1.—Engineering test data on soils related to soil slip/debris flows of the storm

All percentages by weight.

C, cohesion; @, angle of internal friction; LL, liquid limit; PI, plasticity index; USC, Unified Soil Classification system.

Sources of data: DK, D.K. Keefer and R.W. Jibson; EH, E.L. Harp; GW, G.F. Wieczorek; JB, J.E. Baldwin II of Howard-Donley and Associates; PL, Lahr (1982); RF, R.W. Fleming and M.A. Algus; SE, S.D.

Ellen; SR, S.L. Reneau and Alan Kropp and Associates.

Do., ditto]

Grain size (percent) Strength oo Ne Atterberg
D2 water water usg
Location Sample Source Description Bedrock unit Silt density (percent water) desig-
s Clay 3 content content 3
Gravel Sand  Silt (<2um) and c [} (g/cm?) (| ) nation
M clay  (kPa) (%) b B LL PI
Alameda County
Davilla Hill DK-DHS 82 DK Deposit of debris flow Orinda Formation----- 5 9 61 25 - -— - -- - -- -- - ==
earth-flow flow from margin of active
complex, earth-flow complex.
Eden Canyon.
D0 DK-DHS 82 DK Soil from soil-slip scar dom—===——mmee 2 14 57 2.7 = == == == == oo == == ==
scarp of same debris flow,
flowed.
Marin County
Homestead SR-1 SR Dark top layer of soil in Franciscan sand- 2 44 - - 54 == == 1.30 40 = 24 4 CL-ML or
Valley soil-slip scar of stone. oL
(case study, Homestead Valley debris
this chap.). flow, from 0.5-m depth,
flowed.
Do=======——mm SR-2 SR Lower layer of soil in do======—m————————e 2 48 - - 50 - - 1675 20 - 20 2 ML
soil-slip scar of same
debris flow, from l.l-m
depth, flowed.
Tiburon Ridge DK-292 DK Deposit of debris flow Franciscan meta- 2 40 49 9 - -— - -— - - - - -
(case study, upslope from destroyed sandstone.
this chap.). house.
1 R —— DK-293 DK do do 7 40 45 8 - - -— 2 e = e - -
Do=m=mmmmmmmmmmm DK-294 DK do do 5 39 38 18 - - - -- -- - - - --
DK do do %) 42 39 10 == oo = oo == = = == SM or SC
Reed (case 1DS PL Dark topsoil in soil-slip do—==m=mm—mm—m e 4 42 42 1192 - -~ - - - - 27 2 ML or OL
study, this scar of debris flow I,
chap.). from 0.6-m depth,
flowed.
Do=——=--—m—m—eee 1LS PL Tan subsoil in soil-slip do=====-=m— e 17 43 30 10 - - - 1.57 26 - 21 - SM
scar of debris flow 1,
from 1.2-m depth,
flowed.
DO 1LD PL Tan soil in deposit of do=====m=-————m e 157 43 30 10 - - - 1872 21 - - - SM
debris flow 1.
DO == e 2DS PL Dark topsoil in soil- 7 36 45 17 - — == 1.22 45 - 27 6 CL-ML or
slip scar of debris oL
flow 2, from 0.6-m
depth, flowed.
) 2DD PL Dark soil in deposit of 2 36 45 17 - - - 1.61 755 - - - CL-ML or
debris flow 2. oL
PL Tan subsoil in soil-slip do-—===mm—mmmmmm oo 3 47 35 1IiS) - -- - 1.70 22 - 18 1 SM
scar of debris flow 2,
from 1.8-m depth,
flowed.
DOo———==mmm——e——— 2LD PL Tan soil in deposit of do===mmmmm e 3 47 35 15 - - - 1.69 22 - - - SM

debris flow 2.

GL
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Immediately
NE. of Reed
case study
(this chap.).

Salmon Creek
(case study,
this chap.).

Along Salmon
Creek, E. of
case study
(this chap.).

Shell Beach,
Tomales Bay
State Park.

Hicks Valley
Road, 600 m
E. of dam.

Near Hicks
Mountain, S.
of Cheese
Factory.

SQ-9

sP-1,4

WLS-1

DK-Shell
Beach 1A

SG-9A

P-16A

PL

PL

PL

PL

PL

PL

SE

SE

SE

RF

RF

RF

RF

DK

SE

SE

SE

Dark topsoil in soil-
slip scar of debris
flow 3, from 0.6-m
depth, flowed.

Dark soil in deposit of
debris flow 3.

Tan subsoil in soil-slip
scar of debris flow 3,
from 1.0-m depth,
flowed.

Tan soil in deposit of
debris flow 3.

Dark topsoil in soil-
slip scar of debris
flow 4, from 0.5-m
depth, flowed.

Clayey soil in earth
slide (landslide 5);
small parts flowed
slowly.

Dark surficial soil in

soil-slip scar of
landslide 6, flowed.

do

24
do=====mmmmmmmmmmm 20
derosomosssooosooos 20

a
o
1
|
i
i
i
i
i
|
i
i
i
|
1
!
|
i
s

Franciscan sheared 2
rock.
Franciscan sand- 0

stone or meta-
sandstone within

melange.
Brown subsoil from base doEsSsEssS i 1l
of soil-slip scar in
landslide 6, did not
flow.
Deposit from debris flow Franciscan sheared 7
down 33° cut slope. rock.
Dark top layer of soil in Franciscan sand- 0
scar of Salmon Creek stone.
landslide, from ground
surface to 0.6-m depth,
flowed.
Brown subsoil in scar of == omemeeee 0
Salmon Creek landslide,
from 0.6- to 0.9-m
depth, flowed.
Tan lower layer of soil do=—===—=——————————e 0
in scar of Salmon
Creek landslide, from
0.9- to 2.5-m depth,
flowed.
Dark top layer of soil do===-=—-mmmmmm -
from soil-slip scar in
forest, flowed.
do ==
Soil at base of soil-slip Granitic rock or 2

scar above debris-flow
complex, flowed.

Dark surficial soil,
flowed from nose of
active earth slide.

Orange-red subsoil,
flowed from nose of
same active earth
slide.

Dark surficial soil in
soil-slip scar, flowed.

overlying ter-
race deposits.

Franciscan meta- 35
‘greenstone.

femmmmomsesmemooms 43
Franciscan sand- 0
stone.

Sl

31

24

44

22

85

83

28]

57

60

41

41

48

53

33

48

48

41

50

51

47

35

32

29

32

36

26

35

Sil

34

24

28

34

43

60

26

24

25

44

20

23

28

21

3

SM

SM

ML

ML or

CL

CL-ML

SM or

SM or

SM-SC

SM or

SM or

GM or

oL
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TABLE 6.1.—Engineering test data on soils related to soil slip/debris flows of the storm—Continued

VL

Grain size (percent) Atterberg
Strength pry Saturated Natural e Usc
i ipti i il densit waten water (percent water) desig-
Location Sample Source Description Bedrock unit ; Clay Silt 3y CONEERE CERECRE P 48
Gravel Sand silt (<2pm) and C ()] (g/cm?) (PomeenE) e —) nation
2 clay (kpa) (°) LL PI
Marin County--Continued
Do=mmmmmmmm————— P-16B SE Red-brown subsoil in same o e e e e s e 2 52 2.9 1% == oo == = = = == = SM or SC
scar, did not flow.
Barnabe B-86A SE Brown surficial soil, Franciscan green- 5 14 56 29 - - == —= - == 45 20 CL
Mountain. flowed from slump/earth stone.
flow that mobililized
downslope as slow-
moving debris flow.
Do--- SE Red subsoil, flowed as 17 23 235 225 - - - - - - - - -
slow-moving debris
flow, from about 1.3-m
depth in scar of same
slump/earth flow.
e B-86C SE Slow-moving debris-flow dommmmmmmmmm e e e 11 18 241 239 - - - -- -- — 42 10 ML
deposit from same land-
slide, plastered on
tree.
7 ———— B-88 SE Dark surficial soil from TS — 15 10 42 33 - - - - o = 45 13 ML
soil-slip scar, flowed.
San Mateo County
La Honda test S-1 GW Deposit of debris flow 6---- Tahana Member of — 3s 64 31 == == == == == == 58 26 MH
area (see the Purisima
chap5)%= Formation.
Dommmmmmmmmmmmmm s-3 oW Soil in soil-slip scar of P ——— == 37 62 31 - — - == - - o= = --
debris flow 6.
L S-4 €] Deposit of debris flow 7---- - 35 67 28 -- -- - -- - - 51 19 MH
Dom=mmmm=mmmmmme s-6 oW Soil in soil-slip scar of do==——m—mmmmmme - 37 65 28 - - - - - - - - -
debris flow 7.
DOSEEEESsS e s-7 GW Deposit of debris flow 8----  do=—-~----=-------oo == 37 63 30 == o= == ~-= == - 58 28 CH-MH
Bp=esemmemmee——s s-8 oW Soil in soil-slip scar of do=——==——=====————— = 38 60 32 - - - - — - = = --
debris flow 8.
Do-==-==m=—————e df9-flow GW Deposit of debris flow 9---- do-==-=—-=—===--c-—v == 36 02 2 == - - -- - 52 57 25 MH
DO S df9-scar oW Soil in soil-slip scar of do=m=mmmmmmmmmm e - 33 63 34 - == = = o 46 == = =
debris flow 9.
Do=====—=—m————— df£10-flow GW Deposit of debris flow 10--- Lambert Shale and == 311 56 33 - - -- - - 58 60-69 21-30 MH
San Lorenzo
Formation,
undivided.
DO dfl0-scar GW Soil in soil-slip scar of 0 O == 317 53] 24 - == -—- - — -= ~-- == -~
debris flow 10.
Pacifica (see EE-2 JB Soil from soil-slip scar Franciscan green- 10 41 - - 49 49,7 Y28 1.76 19 20 42 20 sc
chap. 9). of debris flow at Big stone.
Bend site, from 0.9-m
depth.
Do============== FF-1 JB Soil from soil-slip scar dommmmmmmmmmmmm e m 7 53 - - 40 %12.0 437 1:63 24 19 35 16 sc

of debris flow at Wood-
lawn site, from 3.1-m
depth.
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JB Soil from soil-slip scar Franciscan green- 1 58 == - 41 St 447 1.54 28 27 33 14 sc
of debris flow at Yo- stone and sand-
semite site, from 0.9-m stone(?).
depth.
JB Soil from soil-slip scar do====mmm—m—— e 2 55 25 18 == 412.5 436 1.94 14 10 18 3 SM
of debris flow at Yo-
semite site, from 1.5-m
depth.
JB Deposit of debris flow at Franciscan sand- = — == = == 49.6 437 1.62 24 24 == i =
Oddstad site, from 1.2- stone.
m depth.
Dog =S AA-2A JB Slip surface of soil slip 3 57 25 15 - 43,9 439 1.65 23 22 36 16 sc
at Oddstad site, from
4.6-m depth.
DO AA-5A B Soil in soil-slip scar of G0 S 4 39 29 28 -— g2 %26 1.57 26 24 30 5 ML
debris flow at Oddstad
site, from 2.4-m depth.
Do————==mm—m——ee AA-9 JB Soil in soil-slip scar of do=====—m—m—— e 0 42 - - 58 - - -— - - 39 20 CL
debris flow at Oddstad
site, from 1.2-m depth.

Oddstad Oddstad EH Deposit of debris flow- Franciscan sand- 8 25 42 25 == == - -- == - - - -
Boulevard, stone, probably
Pacifica with greenstone
(case study, or limestone.
chap. 9).

Valdez Way, Valdez EH do Unnamed sandstone, 0 18 66 16 == == - -- == -— - - -—
Pacifica shale, and con-

(see chap. glomerate of

9). Paleocene age
near Point San
Pedro.

Thoranton Beach DK-Tb1 DK Very slightly cemented, Merced Formation—---- il 93 B3] 3 == -~ == —= == oo - == SP-SM or
State Park, well-sorted, well- SP-SC
near Daly rounded sand forming
Ciityss sea cliff, flowed.

Butano Road, DK-131 DK Surficial dark-gray soil Purisima Forma- 0 16 60 24 - - - - - -- - - --
near Gazos in debris-flow deposit, tion.

Creek. flowed.

Do====mmm—————ae DK-132 DK Light-gray subsoil in 0 13 55 32 - - - - -- -- - - -
same debris-flow
deposit, generally
did not flow.

Elkus 4-H DK-4H DK Deposit of slow-moving, 2 46 38 14 - - - - - - - - ==

Ranch, collu=- plastic debris flow.
Purisima vium
Canyon
(case study,
chap. 8).
DoEEeEssS 4H1 EH Deposit near toe of same do====m—=mm——mm e 0 14 72 14 - - - - - = ——= - ——
slow-moving, plastic
debris flow.
EH do do 0 5 76 19 o= = o= =o oo == == == ==
Do=—-——-—=—===== 4H3 EH do do 32 38 22 8 == = == == == = == o= SM or SC
Santa Cruz County

0ld San Jose S-1 EH Deposit of debris flow------ Purisima Formation 0 83 - - 17 - - - - - - - SM or SC
Road, near and Butano Sand-

Sugarloaf stone.
Mountain.

Hubbard Gulch==—--- HUB EH d Monterey Forma- 5 25 46 24 - -— - - == - - -- -

tion.

Mount Cross Mount EH d do 4 34 43 19 - —= == - - - == - =
Camp. Cross

IBest estimate of peak strength from
Estimated.

3sand plus gravel.

Determined by direct shear.

several drained triaxial tests.
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> \ N
~Third Valley: 10:45-11:00 a.m.
: Py on N\ e

6&, \ Milierton (i
7 Second Valley:10:30-11:00am.  7°
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- ¢ First Valley: 10:30 a.m. S o
Hud \ (¢
oy, \ BM 32
- »’4‘. § \ \\\ \.s
- 1466, 1488 . R e L N | e
ey 1493* . SR .M\VkmDream Farm: 1,0:00 1()_;,?0 a.m. ‘ A\
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K" * Redwood.Avenue: 12:00-12:30p.m. |
o

. fa HEMANFL g T
PR T .
o

Drakes V‘}?W Drive

EXPLANATION

A Soil-slip scar that generated
major debris torrent
Trail of major debris torrent—
Dashed where indistinct
—2

[ ] "
1465 Site of radiocarbon-dated sample

//Boundary of study area

1 KILOMETER
1

oT©

1
1 MILE

CONTOUR INTERVAL 40 FEET

FIGURE 6.7.—Index map of Inverness, Calif., area, showing locations Upper parts of many canyons were not checked in the field, and map-
of soil slip/debris torrents and other major soil slip/debris flows located ping is probably incomplete. Base from U.S. Geological Survey, scale
in the field, times of debris torrents during morning and early after- 1:24,000, Drakes Bay, 1953 (photorevised 1971), and Inverness, 1954
noon of January 4, and locations of radiocarbon-dated samples (see (photorevised 1971).
subsection entitled ‘“‘Radiocarbon Sites near Inverness’’ in chap. 7).
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FIRST VALLEY

The soil slip/debris torrent in the north fork of First
Valley was chosen for more detailed study. The general
topographic setting is shown in figures 6.2 and 6.7, and
a detailed map and longitudinal profile of the debris-
torrent path are shown in plate 4. The principal soil-slip
scar is at about 300-m elevation, near the top of the
drainage basin, in a thick Bishop-pine forest (fig. 6.9).
From there, the debris flow/debris torrent traveled about
1.3 km, dropping more than 280 m, before it reached the
uppermost houses in the canyon. Shortly above the con-
fluence with the southern branch of First Valley, 0.2 km
upstream from houses, the valley floor widens, and the
stream gradient drops from 6° to 4°. Here, the energy of
the flow decreased, and trees were effective in deflecting
the force of the debris torrent away from most buildings
(fig. 6.10). Where a dirt road crosses the canyon 0.56 km
downstream from the head scar, the flow ran up the road
for 65 m and left a large deposit of sediment and organic
debris; with this exception, no significant subaerial
deposits were produced by this flow.

Scarps in the soil mantle are common along the path.
In many places, these scarps are small and arcuate, ap-
parently owing to the uprooting of trees; in places, the
scarps are accompanied by partially toppled trees or by
large broken roots. In other places, the scarps mark the
boundary of areas where thin soils were completely eroded
to bedrock (fig. 6.11). Upstream from a 10-m-high water-
fall, gullies as deep as 3.5 m are incised into colluvium in
the path. Collectively, these erosional features represent
a substantial increase in the volume of sediment carried
by the flow. On the basis of scarp-height measurements
and the detailed planform map (pl. 4), the total volume of
eroded soil is estimated to be about 5,000 m3, an order
of magnitude greater than the 300 m? soil-slip scar at the
head.

Along the lower reaches of the path, short soil-slip scars
on adjacent slopes are common; no consistency in timing
in relation to the debris torrent could be found. A debris
flow from one of these soil slips crossed the main debris-
torrent path and ran directly up the opposite slope, rising
10 m in elevation. The maximum velocity of this flow can

FIGURE 6.8—Path of debris torrent upstream from Redwood Avenue in Inverness. Path is smooth surface stripped of vegetation; flow traveled
from right to left. Note scarp in left foreground truncating soil mantle. Deep gully has been cut by a small tributary. View southward. Photograph
by DG. Herd.
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be calculated from a conservation of momentum equation,
u=(2gh)*,

where % is the velocity, 4 is the rise in elevation, and ¢
is the acceleration due to gravity. This equation is derived
by relating the kinetic energy of the flow to its potential
energy, and provides a maximum velocity of 14 m/s for
the flow.

Details of the soil-slip scar at the head of the path (fig.
6.9) are of particular interest. The scar is 2.0 to 2.5 m
deep, 11 m wide, and 20 m long. The failure plane is within
colluvial soil derived from granitic bedrock, near the
boundary between an upper red soil horizon and a lower
yellow gravel-rich colluvium. Water was observed flowing
from coarse gravel at the southeast base of the scarp. The
headwall scarp encroaches 0.5 m into the surface of a dirt
road at a point where a culvert collecting runoff from the
road drained onto a broad swale. The roadcut here shows
that the swale is underlain by a thick colluvial deposit in
a bedrock depression (Dietrich and Dunne, 1978).

T

..-

. £
o
- .

L A 5 v of %
A ‘cwfﬁw.

Immediately below the headscarp, three distinct
deposits from the storm were identified, all from soil slips
that mobilized as debris flows (pl. 4). The outermost
deposit (A) is red and matches the upper soil horizon; a
younger deposit (B) is orange and includes abundant road-
fill; the youngest deposit (C) is yellow and is probably com-
posed entirely of roadfill. Deposit C apparently was less
fluid then the others and stayed within the center of the
path; it probably resulted from failure of the west edge
of the headscarp.

Key relations are displayed between deposits A and B.
At one place near the edge of the path, a tree was clearly
toppled by the debris flow represented by deposit A; far-
ther downeanyon, a scarp near the path’s edge is plastered
by deposit B. This and other evidence indicate that the
debris flow that cleared the path of trees, created the
scarps, and generated the log surge is represented by
deposit A; this event involved primarily the natural soil
and not the roadfill. A second debris flow, represented
by deposit B, did involve roadfill but was not responsible

Ln

FIGURE 6.9.—Soil-slip scar and head of debris-flow trail in thick Bishop-pine forest, north fork of First Valley, Inverness Ridge. Scar, which
is as much as 2.5 m deep, occupies most of lower half of view; dirt road into which scar encroached is in immediate foreground, and debris-
flow trail lies in upper half of view. Scar occupies axis of a subtle colluvium-filled swale. View downslope. Photograph by C.M. Wentworth.
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for the log surge. Thus, the primary slope failure probably
resulted not from the presence of the roadfill but from
the concentration of water provided by the culvert.

SINGLE SOIL SLIP/DEBRIS FLOWS

Typical features of single soil slip/debris flows are
shown in figure 6.12. Most of the material that flowed,
corresponding to most of the volume missing from the
scar, typically traveled far from the scar and ended up
as deposits along the debris-flow trail or as fan deposits,
stream deposits, or deposits on the floors of bays or the
ocean.

The typical configuration of scar and trail (fig. 6.12)
gives a sense of the behavior of the typical soil slip as it
moved from the scar. The lateral deposits, which consisted
largely of remolded soil that had behaved as a slurry,
typically led from the scar near its widest point, where
it initially narrows downslope (figs. 6.1, 6.13). This rela-
tion indicates that at least some material (that remain-
ing as lateral deposits) was fluid as it left the scar, but

that during initial movement the mass had enough
strength to force its widest parts up onto the ground sur-
face, rather than contracting laterally to flow from the
narrower lip of the scar.

Debris-flow trails commonly led down swales or chan-
nels and typically were elevated on the outside of bends
in the channels, a relation suggesting considerable velocity
(figs. 6.11, 6.14). Trails differed, depending on the vege-
tative cover. Grass-covered hillslopes typically displayed
trails of flattened grass, with varyingly abundant patches
of deposit, between continuous or discontinuous lateral
deposits, or levees, of remolded soil and clumps of sod
(figs. 6.13, 6.15). The flattened blades of grass pointed
downslope parallel to the trail, recording the direction
of movement. Debris-flow trails on wooded and brush-
covered hillslopes, as in the preceding case studies,
typically were cleared of forest duff and were partly
bounded by lateral deposits (fig. 6.8); bushes and clumps
of ferns in some places were removed from the path but
in other places remained stretched downslope under a
plaster of muddy deposit. Within some trails, such trees

F1GURE 6.10.—Pile of debris at north edge of debris-torrent path in First Valley, Inverness. Single Douglas-fir (1.3 m diam) immediately upstream
of house blocked the logs and deflected the debris torrent, so that only the house’s deck was destroyed. Immediately upstream, a filter house
of the Inverness Water Co., located in center of path, was destroyed. Downstream, large trees were abundant enough to deflect the logs
and prevent major damage to buildings. Photograph by S.L. Reneau.
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as oak and madrone remained in place; other trails con-
tained partly uprooted trees lying downslope, or small sub-
sidiary scars with broken roots remaining from trees torn
away (fig. 6.3). Trees that remained within debris-flow
trails were plastered with muddy deposits to observed
heights of as much as 2 m above the ground (pl. 4; fig.
6.5), and splashed with muddy deposits to observed
heights of as much as 4 m above the path margin. Many
trees showed abrasions higher up resulting from the im-
pact of trees that moved with the debris flow. Particularly
in woodland and brush-covered areas, many debris-flow
trails contained elongate scars where soil had been
removed (pl. 4).

SIZE AND FORM

Soil-slip scars ranged in width from 1 to as much as
60 m; most were from 5 to 15 m across. Scars ranged in
depth from about 0.5 to 3 m or more, measured normal
to the hillslope; most were 1 to 2 m deep. Thus, the typical
soil slip had a breadth-to-thickness ratio of from 3 to 15.

Some soil slips left broad sheetlike scars (fig. 6.13), and
others narrow pockets (fig. 6.15). Reneau and Dietrich
(1987a) have deseribed and analyzed the sizes of scars left
by the storm in a study area in Marin County.

SLOPES OF FAILURE AND FLOW

Slopes at soil-slip scars that developed in the storm are
compared in figure 6.16 with those of pre-1982 soil-slip
scars in the bay region, as well as with slopes at soil slips
described from other places. The approximate slopes at
soil-slip scars in Marin County are shown in figures 7.3
and 7.6. Almost all soil slip/debris flows in the storm
originated on slopes steeper than 20°, most on slopes
steeper than 26°, but one originated on a slope of 14°
(C.M. Wentworth, oral commun., 1982; see section en-
titled “Grant Road” in chap. 8).

Debris flows moved down slopes ranging from nearly
horizontal to steeper than slopes of failure. In places,
debris flows moved upslope for short distances (see Inver-
ness area case study above).

FIGURE 6.11.—Path of debris torrent in north fork of First Valley, Inverness Ridge, showing removal of vegetation and soil mantle. Note that
path margin is much higher on right side, owing to banking around a sharp curve. Kneeling man in center for scale. Photograph by C.M.
Wentworth.
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__— Contour line

Typically

5-16m EXPLANATION

Debris-flow deposits

Edge of soil-slip scar. Inclination

Empty
shown by pattern

soil-slip
scar

3 Vertical to steeply sloping

V7

Lip of scar, horizontal to gentle slope
toward scar

Variable slope toward scar

~

Gully eroded by
running water

Lateral deposits

Debris-flow trail of flattened
or stripped vegetation

Typically 1-2 m

Scar

Lip of scar

Bedrock

\(/Soil mantle

FIGURE 6.12.—Schematic map (4) and downslope eross section (B) showing typical features remaining from a single soil slip/debris flow. In
figure 6.12B, dashed lines show position of lateral deposits projected into plane of cross section at center of scar and trail. Slope of ground

surface is shown as 30°, a typical value.
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SOILS INVOLVED

Soils involved in soil slip/debris flows varied broadly in
texture and plasticity, as described in table 6.1. Most of
the samples in table 6.1 are fine-grained soils. About 90
percent of the samples are classified as earth rather than
debris, according to Varnes (1978, p. 24).

Soil textures ranged from nearly clean sand to clayey
silt, as indicated by size analyses of 50 samples from table
6.1 that flowed as debris flows during the storm (fig. 6.17).
Content of clay-size particles (less than 2 um) ranges up-
ward from 3 percent, but 98 percent of the samples have
clay contents of 8 percent or more. The upper limit of clay
content in these samples is 35 percent; an upper limit of
45 percent clay (of undefined size) is reported in chapter 9.

The upper limit of clay content is reduced if we consider
only fast-moving debris flows originating from hillslopes
in long-term equilibrium. This restricted sample is ob-
tained by excluding debris flows that were anomalously
slow moving (velocities of meters per minute rather than
meters per second; see section entitled “Elkus Ranch”
in chap. 8) and debris flows from cut slopes, from scarps

of deep-seated landslides, and from the margins of active
slow-moving shallow slides, all of which are distinguished
in figure 6.17. The upper bound of clay content for 93 per-
cent of this restricted sample is 25 percent.

Data on soil plasticity are less abundant than those on
soil texture, in part because many soils had such a low
plasticity that the Atterberg tests which describe plastic-
ity were not considered worthwhile. Figure 6.18 shows
fine-grained soils from table 6.1 that flowed in the storm
plotted on the plasticity chart of the Unified Soil Classi-
fication (USC) system. Most samples plot as ML or OL
(inorganic silty soils and organic soils of low liquid limit),
but some plot as MH or OH (inorganic silty soils and
organic soils of high liquid limit), and three plot as CL (in-
organic clay of low liquid limit). Two of these three CL
soils showed evidence of uncommonly slow flow, a reason-
able consequence of their plasticity. Thus, debris flows
involved soils with a broad range in plasticity, from
nonplastic and slightly plastic granular soils to silts and
clays of moderate plasticity. The only common type of soil
mantle not significantly involved was highly plastic clay
(CH of the USC system).

FIGURE 6.13.—Soil slip/debris flow on the Tiburon Peninsula, Marin County. Broad tabular soil-slip scar at left (upslope from dashed line) leads
downslope to debris-flow trail of flattened grass that includes scattered remnants of muddy deposit and clumps of sod. Slide mass climbed
over steep downslope corner of scar (shadowed, at right center) and left lateral deposits leading from widest part of scar.
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DEGREE OF MOBILJIZATION

Most soil slip/debris flows mobilized entirely and left
scars empty of failed material. Others mobilized from only
the flanks or toe of a slide, resulting in empty scars on
parts of a larger slab that shifted only slightly (figs. 6.19,
6.35). Degree of mobilization varied in another respect:
Some soils became extremely fluid and flowed far, leav-
ing little deposit; others became barely fluid, flowed only
short distances, and left abundant thick deposits in and
near the scar (see figs. 6.32-6.35; see Reed and Salmon
Creek case studies below).

COMPLEXES OF SOIL SLIP/DEBRIS FLOWS

Many debris-flow trails, especially in woodland or brush,
involved more than one soil-slip scar (pl. 4). Each such soil
slip was related to others as part of a complex. If the soil
slips coincided in time, the major debris flow from such
a complex could be considerably larger than from a single
sear. Complexes ranged in scale from small features like
those in figure 6.20 to major complexes, as at First Valley
in Inverness.

In most of the complexes shown in plate 4, almost all
scars lie within the path of the major pulse. In complexes
like the one at Tiburon Ridge, extensive parts of the
lowermost canyon walls were stripped of soil, resulting
in abundant elongate scars along the drainage channel.

SUMMARY

Soil slip/debris flows triggered by the storm ranged
from small isolated events on hillsides, as at Murray Park,
to major complexes, as at First Valley, that affected en-
tire canyons as flood phenomena. In virtually all cases,
these events originated as soil slips, flowed largely as slur-
ries, and impacted the landscape and its occupants as
pulses or surges that generally moved rapidly and arrived
suddenly.

Individual soil slips varied in size, form, and degree of
mobilization as debris flows; most occurred on slopes
steeper than 26°. The soils that flowed ranged broadly
in texture and plasticity but did not include clayey soils
of high plasticity. Debris torrents and many of the larger
debris flows resulted from complexes involving numerous
soil-slip scars that typically lay within the path of the
major pulse.
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FIGURE 6.14.—View downslope along soil slip/debris flow near Barnabe Mountain, Marin County. Debris-flow trail leading downslope from empty
scar climbs right side of its path in making a turn. Knapsack in foreground for scale.
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MECHANICS OF
SOIL SLIP/DEBRIS FLOW

The development of soil slip/debris flows is analyzed
here as a sequence of phases: (1) movement of water to
the site of failure, (2) failure of the soil mantle by sliding,
(8) mobilization of the soil slip as a debris flow, and
(4) travel of the debris flow.

MOVEMENT OF WATER TO SITES
OF FAILURE

Previous investigations have documented that slope
failure is commonly the consequence of high water levels
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FIGURE 6.15.—Trail of debris flow over grassland, leading from pocket-
shaped scar, on the Tiburon Peninsula, Marin County. Note lateral
deposit bounding trail, flattened old grass marking trail, and deposits
within trail. Young grass standing upright in trail has grown since
the event.

(and resulting high pore-water pressures) in slope-forming
materials (for example, Terzaghi, 1950). Thus, the means
by which water moves to various parts of the landscape
are principal controls on the distribution and timing of
soil slip/debris flows. Movement of water in and on hill-
slopes was measured only locally during the storm (see
chap. 5), and so the discussion here is limited to aspects
of the movement and concentration of water that are
reflected in the distribution and timing of soil slip/debris
flows.

RAINFALL AND DYNAMIC BALANCE

Accumulations of water in the soil mantle of hillsides
are generally perched above less permeable bedrock or
soil, and the level of soil saturation is determined by a
dynamic balance between the rate of infiltration and the
rate of seepage from the soil mantle (Campbell, 1975). For
water level to rise, the rate of addition of water to the
perched water table must exceed the rate of exit. In places
where direct rainfall is the principal source of water, the
rainfall intensity must exceed some critical value. Under
these circumstances, the soil slip leading to a debris flow
would have to occur during or shortly after intense
rainfall.

Observations in the bay region during the storm docu-
ment the association between soil slip/debris flows and
concurrent intense rainfall. Almost all the soil slip/debris
flows plotted in figure 3.1 occurred during reasonably in-
tense rainfall; the several exceptions, plotted on records
from the San Bruno and SSF-WQC gages, occurred
within about an hour of the end of storm rainfall. A more
noteworthy exception was the event at Hurricane Gulch
near Sausalito (Smith and Hart, 1982, p. 148-149), which
occurred 22 hours after rainfall had ended.

Local differences in the intensity of rainfall appear to
have influenced the distribution of soil slips. Evidence of
this comes particularly from the Montara Mountain area
of San Mateo County, where detailed mapping of soil-slip
scars shows significant differences between the January
1982 storm and the storm of December 1955 (Wentworth,
1986). South of Montara Mountain, an elongate patch
about 0.5 by 2 km, which was indistinguishable in the 1955
pattern of abundant soil slips throughout the steep
granitic terrain, emerged in 1982 as an island devoid of
soil slips in an otherwise similar pattern of abundant soil
slips. Similarly, the Franciscan terrane in the nearby
Pacifica area, which was almost completely spared in
1955, produced many soil slips in 1982, Such comparison
between storms, especially in areas of uniform materials
and topography like Montara Mountain, is essential for
determining the influence of local variations in rainfall,
which in most places may be masked by the heterogene-
ity of materials and terrain.
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CONCENTRATION OF WATER

Water levels capable of triggering soil slips in the storm
generally were not attained by direct rainfall alone, as
evidenced by the fact that the great majority of suscept-
ible hillslopes did not fail when subjected to heavy rain-
fall. The areal distribution of soil-slip scars shows patterns
suggesting that local concentration of water, both from
the storm and from prestorm rainfall, played a major role
in triggering failures (see chap. 7, especially section en-
titled “Local Topographic Setting”).

Water can be concentrated in the landscape by several
means, some of which are illustrated in figure 6.21. Sur-
face flow is concentrated by the topography. Flow within
the soil mantle is concentrated by the form of the bedrock
surface, as well as by the topography, by breaks in slope,
and by differences in soil mantle. Water can enter bed-

rock, concentrate, and reemerge into the soil mantle.
Finally, flow can be affected by manmade modifications.
Evidence for these various water-concentration mechan-
isms is discussed further in chapter 7.

SURFACE FLOW AND THROUGHFLOW

Water on the ground surface in hillside terrain concen-
trates in the concave parts of hillslopes (see chaps. 9, 10).
Because surface flow of water is rapid, concentration in
the subsurface by such means may be delayed only by the
time required for seepage of water into the soil at the site
of concentration. For the granular soils typically involved
in soil slips during the storm, saturation of the soil mantle
by this means could occur within a matter of hours (on
the basis of a thickness of 1-2 m and an estimated
permeability of 10~3 to 10-2 cm/s).
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FIGURE 6.16.—Slopes of ground surface at soil-slip sources of debris flows resulting from the storm, in comparison with those at other soil-slip
sources of debris flows, Slopes were measured in the field. Arrows show range of slopes; dots denote average of measured slope angles.
Numbers above dots indicate number of measurements averaged; x, single observation.
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Water can also concentrate by downslope seepage | the bedrock surface below the soil mantle. Because the
within the soil mantle, called throughflow or interflow (fig. | bedrock surface generally approximately parallels the
6.21B). Throughflow is governed largely by the form of | ground surface, throughflow, like surface flow, is com-
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FIGURE 6.17.—Size-fraction diagram showing soils that flowed as debris flows in the storm. Dashed lines show significant boundaries of clay
content discussed in text. Data from table 6.1.
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monly concentrated in concave areas. Some concavities
in the bedrock surface, however, may be entirely filled
by accumulations of soil (Dietrich and Dunne, 1978), and
so areas of water concentration by throughflow may be
concealed. In some soils, throughflow may contribute to
water levels in the soil mantle almost as rapidly as sur-
face flow (Sidle, 1984).

Occurrence of soil slips in concave parts of the landscape
during the storm suggests that throughflow, surface flow,
or both contributed significantly to water levels that led
to these soil slips. For a study area in Marin County,
Reneau and Dietrich (1987a) found that 62 percent of the
debris flows triggered by the storm occurred in con-
cavities. In the Hicks Mountain area of Marin County,
49 percent of the scars that produced debris flows occupy
conspicuously concave parts of hillslopes; and in selected
smaller areas of Marin County, more than 70 percent of
the scars occupy conspicuous concavities (see chap. 7);
even higher percentages would result if less conspicuous
concavities were included. Thus, water concentration by
surface flow and throughflow appears to have contributed
significantly to a large proportion of the soil slips in the
storm.

BEDROCK CONTACTS

Several conditions that concentrate ground water com-
monly occur along bedrock contacts. Water can concen-

trate along bedrock contacts by seepage through bedrock,
by changes in slope that typically accompany contacts, and
by contrasts in soil mantle that accompany the contrasts
in bedrock. Many breaks in slope in the bay region coin-
cide with contrasts in both bedrock and soil materials, and
s0 it is difficult to distinguish the effects of these several
conditions.

These conditions apparently exerted a significant influ-
ence on soil slips during the storm because many soil-slip
scars lie conspicuously along bedrock contacts (fig. 6.22).
The tendency for soil slips to oceur at bedrock contacts
and over bedrock units with abundant strong permeabil-
ity contrasts is discussed in chapter 7.

BEDROCK SEEPAGE

Water that infiltrates bedrock can be concentrated by
permeability contrasts in bedrock (fig. 6.21B). Seepage
of water from bedrock out into the soil mantle would be
favored where the bedrock has strong permeability con-
trasts that dip out of slope, particularly where permeable
bedrock that has a broad areal contact with the ground
surface overlies impermeable material. Seepage through
bedrock can take months or years, but at least some of
the bedrock seepage that influenced soil slips in the storm
appears to have been fed by storm rainfall that emerged
into the soil mantle while rain was still falling. Seepage
from bedrock in the storm was suggested by sustained
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FIGURE 6.18.—Plasticity chart (U.S. Army Corps of Engineers, 1953,
pl. 2) showing fine-grained soils involved in soil slip/debris flows
resulting from the storm. Letters designate soil groups of the Unified
Scil Classification system, which, along with the A line, are described
in most texts on soil engineering (for example, Lambe and Whitman,
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1969, p. 34-38). Coarse-grained soils are not plotted. Also not plotted
are soils that lack sufficient plasticity for the Atterberg tests that
define the plasticity chart; if slightly more plastic, such soils would
plot near points in lower left. Data from table 6.1.
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flow of large volumes of water from some soil-slip scars,
as reported by E.W. Hart and S.J. Rice (oral communs.,
1982; see chap. 10), and by other eyewitnesses.

BRrEAKS IN SLOPE AND CONTRASTS IN SOILS

Throughflow can be concentrated at places along the
downslope profile of a hillslope by decreases in slope and
changes in soils. Throughflow is impeded wherever its
gradient of flow, which commonly approximates the slope
of the ground surface, decreases. Water levels must rise
near such points unless the soil mantle increases in
permeability or thickness. In fact, the permeability of soil
mantle in the bay region commonly decreases below such
breaks in slope because the soil derived from bedrock
below such slope breaks is typically more clayey. At many
such places, the less permeable soil probably combines
with decreased gradient to impede throughflow, and so
water levels in the soil mantle rise near the break in slope.

Although water concentration by these means generally
was indistinguishable from bedrock seepage, in places soil-

slip scars are concentrated where hillsides abut alluviated
surfaces (see chap. 7). Water concentration at these scars
probably resulted largely from these breaks in slope.

HILLSLOPE MODIFICATIONS

Where hillslopes have been modified by even such small
features as animal trails, water may collect from large
parts of the landscape and then be transported along
roads, gutters, or trails to induce failure at a distant site.
Many soil slips in the storm occurred where water was
concentrated by such means; the debris torrent at First
Valley in Inverness, for example, originated from a soil
slip immediately downslope from a road culvert.

In at least one case related to the storm, modification
of hillslopes significantly affected the transit time of
ground water to a soil-slip site. At Hurricane Gulch in
Sausalito, a soil slip/debris flow originated from highway
fill about 22 hours after rainfall had ceased (see Smith and
Hart, 1982, p. 148-149). The delay can be attributed, at

FIGURE 6.19.—Three small debris flows near San Geronimo, Marin County, issue from flank and toe of larger shallow slide. Larger slide, defined
by dark cracks at crown and toe, is about 35 m wide.
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least in part, to the gravelly-clay highway fill of low
permeability that dammed throughflow down a colluvium-
filled draw (D.G. Heyes, oral commun., 1983). Seepage
through bedrock may also have contributed to the delay,
as suggested by the abundance of water that seeped from
the scar after failure (more than 2,000 m®/d) and by the
proximity of the scar to an old tunnel excavated either
for water collection or for manganese mining—in either
case, suggesting strong permeability contrast in the
bedrock.

ELEVATED PORE PRESSURE

Concentration of water can result in pore pressures
greater than those possible from throughflow parallel to
the ground surface, and such elevated pore pressures per-
mit failure on relatively gentle slopes. Elevated pore
pressures can develop from seepage in an out-of-slope
direction and from artesian conditions. Out-of-slope seep-
age may accompany several of the water-concentration
mechanisms discussed above, namely, bedrock seepage,
breaks in slope, and contrasts in soil.

Artesian conditions, which can generate greater pore
pressures than can unconfined aquifers, are possible
where sloping permeable materials are confined between
less permeable materials. During the storm, artesian
pressures may have developed in bedrock with such con-
trasts in permeability, as where more and less permeable
sedimentary beds are interlayered or where zones of
permeable shattered rock pass through an impermeable
sheared rock mass. Artesian pressures may also have
developed within the soil mantle and underlying shallow
weathered bedrock (see chap. 5; Wilson and Dietrich,
1985). In the bay region, such shallow confined aquifers
can occur where the soil mantle includes impermeable
clayey soil overlying permeable sandy soil (Hayes, 1985),
where colluvial accumulations include highly permeable
layers of rock fragments (see Murray Park and Inverness
area case studies above), where fractured weathered
bedrock is more permeable than the overlying soil mantle
(Nicholas Sitar and K.A. Johnson, oral communs., 1986),
or where animal burrows or other passageways in the soil
mantle terminate downslope (Pierson, 1983; see section
entitled “Grant Road” in chap. 8).

SUMMARY

Movement of water to sites of failure occurred by
several means that are reflected in the timing and distri-
bution of soil slip/debris flows in the storm. Timing of
debris flows indicates that intense rainfall was almost
always involved, and the common occurrence of soil-slip
scars at such features as concavities, breaks in slope, soil
and bedrock contacts, or manmade modifications suggests
that concentration of water in the landscape was almost
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always required for failure. Because features suggesting
concentration of water so commonly accompany scars,
those places where scars occur in the absence of such
features, such as on smooth planar or convex hillslopes,
are suspect for concealed colluvial fill or bedrock seepage.
Several of the likely water-concentration mechanisms are
capable of generating pore pressures in excess of those
attainable by unconfined slope-parallel seepage.

INITIAL FAILURE

Once water has arrived at a site, it interacts with the
materials there to determine the occurrence of ground
failure, the geometry of the failed mass, and the type of
movement. Initial failure is discussed in this section; the
type of movement after initial failure is discussed below
in the subsection entitled “Mobilization.”

Failure of hillslopes generally results from shear along
a basal slip zone, as modeled by the Coulomb criterion for
failure. In any place where the upward force of ground-
water seepage equals or exceeds the weight of the soil,
however, failure may occur by static liquefaction, or quick
conditions (Iverson and Major, 1986). Such quick condi-
tions might have been responsible for the “water blow-
outs” described by Hack and Goodlett (1960, p. 45), but
they were probably not a common trigger for debris flows

FIGURE 6.20.—Small soil-slip/debris-flow complex near Barnabe Moun-
tain, Marin County. Complex consists of two scars along a debris-flow
trail, 3 to 4 m wide. Between scars, trail is defined by lateral deposits.
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in the storm, judging from the steep slopes occupied by
virtually all soil slips in the storm (fig. 6.16). Thus, the
following analysis focuses on Coulomb failure.

Hillslope failure is best analyzed quantitatively by using
detailed information from specific sites. The results of
such analyses are discussed in chapter 9 for landslides that
occurred in Pacifica. The present discussion lacks suitable
site studies, and so initial failure is discussed only brief-
ly, using a simplified model for the materials and geom-
etry of failure.

INFINITE-SLAB MODEL

Most soil-slip scars left by the storm define slide masses
that resemble planar slabs, and so soil slips are modeled
here as slab failures. For further simplicity, soil slips are
modeled as infinitely long and wide slabs of homogeneous
soil, for which edge effects are absent; such infinite-slope
analysis has been applied to similar landslides by other
investigators (see chap. 9; Campbell, 1975; Moser and
Hohensinn, 1983). For the general case in which soil has

By roads or similar
ground modifications

By breaks

in slope \

N
By bedrock seepage — .

cohesive as well as frictional strength, and seepage is
parallel to the hillslope, stability of the infinite slab is
described by

FS—— © 4 (“"’” Yw) (1)

_ tan ¢’
"y hsinp Y ’

tan 8

where FS is the factor of safety, ¢’ is the apparent cohe-
sion, k is the thickness of the slab measured normal to
the slope, y; is the saturated unit weight of soil, y,, is the
unit weight of water, ¢’ is the effective angle of internal
friction of the soil at peak strength, f is the inclination
of the hillslope, and mm is the proportion of the slab thick-
ness that lies below the piezometric surface (for exam-
ple, Campbell, 1975, p. 19). Failure occurs when FS<1.

Equation 1 provides a general model for the initial
failure of hillslopes during the storm. At a given site,
where slope (B), soil thickness (k), and soil properties (¢’,
i, $)) were fixed, rising water level during the storm

- By surface flow and throughflow
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Bedrock
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FIGURE 6.21.—Schematic block diagram (4) and cross section (B) showing some means of water concentration in the landscape. Schematic water
paths in cross section illustrate throughflow (within soil mantle) and bedrock seepage.
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(expressed by increasing m) decreased the F'S until failure
occurred. This theoretical relation is supported by studies
in the bay region that correlate soil slips during the storm
with high measured ground-water levels (see chap. 5).
Similar work has confirmed this relation elsewhere (for
example, Swanston, 1970; Sidle and Swanston, 1982).
The dimensions of soils slips appear to be determined
by edge effects, which are not included in the infinite-slab
model. Reneau and Dietrich (1987a) have discussed the
influence of edge effects on the dimensions of soil slips
triggered by the storm in a study area in Marin County.

SLOPES OF FAILURE

According to the infinite-slab model, failure on relatively
gentle slopes is favored where soils have relatively low
internal friction (as in clayey soils), where relatively high
water levels are necessary to trigger failure, and where
cohesive strength, commonly provided by roots, is low.
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FIGURE 6.22.—Landslides on the Tiburon Peninsula, Marin County, local-
ized along a prominent break in slope that coincides with a contact
between permeable bedrock and soil mantle above and impermeable
clayey bedrock and soil mantle below. Contact extends about horizon-
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Failure on relatively steep slopes is favored where soil has
high frictional strength, where roots provide high cohesive
strength, and where relatively low water levels are suffi-
cient to trigger failure. Differences in slope at soil-slip
scars in Marin County appear to reflect some of these con-
trols (see chap. 7).

Measured slopes of failure in the storm (fig. 6.16) lie
within a broad range that appears to be reasonable for
the soil properties listed in table 6.1, when these are
substituted into equation 1 with values of m between 0
and 1. A more specific discussion of stability analyses in
chapter 9 implies that total saturation of infinite slabs,
with seepage parallel to the ground surface, generally was
sufficient to account for the observed slopes of failure at
9 sites in Pacifica. In some cases, however, hillslopes failed
at slopes gentler than calculated for infinite slabs of the
tested soils under these ground-water conditions. In those
cases, pore pressures greater than attainable by slope-
parallel seepage may have contributed to failure.
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tally across center of view, at foot of broad rounded hill. Complex scars
from soil slip/debris flows are at center and left above contact; shallow
slide at right above contact (arrow) did not mobilize as a debris flow,
although distinct boundaries suggest movement during the storm.
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LOCATION OF THE FAILURE SURFACE

An infinite slab of homogeneous cohesionless soil, repre-
sented by the second term in equation 1, should fail near
the permeability boundary that perches the water table;
as the water table rises, this surface will reach the critical
value of m before shallower hypothetical slabs. The effect
of cohesion on failure, represented by the first term in
equation 1, is similar in favoring failure of thick slabs.
However, variations in soil properties can favor failure
well above the bedrock surface (Moser and Hohensinn,
1983, p. 209; Reneau and Dietrich, 1987a).

Many soil-slip scars resulting from the storm bottomed
in soil close above the bedrock surface, which generally
forms the chief permeability boundary. In many places,
however, soil slips bottomed near low-permeability hori-
zons within the soil mantle (Davenport, 1984; see Inver-
ness area case study above and Reed case study below).

MOBILIZATION

By StepHEN D. ELLEN and RoBerT W. FLEMING

Once failure has begun, the soil slip must mobilize as
a slurry if debris flow is to take place. This process of
transformation is the critical step between localized
sliding of soil and its rapid flowage to distant parts of the
landscape. Our discussion focuses on the means by which
mobilization is accomplished and the factors that control
these means. Mobilization is also discussed elsewhere
(Ellen and Fleming, 1987; Fleming and others, in press).

Johnson and Hampton (1969) distinguished four general
means by which debris flows can mobilize: (1) saturation
of soils in place; (2) incorporation of water by sliding;
(3) erosion, particularly by strong gushes of water; and
(4) incorporation of coarse debris into clayey slurries.
Because almost all the debris flows during the storm
mobilized from soil slips, they did not involve the last two
of these processes to any significant degree. Thus, soil
slips apparently gained the water content necessary for
debris flow either by saturation of inplace soil or by in-
corporation of water during sliding.

CONTRASTS IN MOBILIZATION

Accounts from the world literature, as cited by Rodine
(1974), confirm that debris flows can mobilize from slides
in different ways. In some places, mobilization has
resulted from slow sliding; in other places, hillslopes have
mobilized as masses of flowing debris without preceding
macroscopic movement.

Eyewitness reports from the storm suggest a similar
contrast in speed of mobilization. Most eyewitnesses
reported signs of movement preceding rapid flow, in some
cases by many hours (table 6.2; see subsections entitled
““Alba Road’” and ““Creekwood Drive” in chap. 8); these

TABLE 6.2.—Eyewitness accounts of mobilization in the storm

Time interval between
indication of movement
and rapid movement

Source person
and Indications of movement
location

Intermittent waterfall in small 3 seconds.
drainage changed from white to

brown in an instant, then dis-

appeared downslope in a fast-

moving debris flow.

Susan Melvin,
Woodacre,
Marin County.

Scotch-broom (a tall brushy 8 hours.
plant) leaned downhill across

driveway in area that later

mobilized as liquid mud; other

areas of Scotch-broom did not

lean.

Dave McCleery,
Mill Valley,
Marin County.

Water from horizontal drainpipes At least half an hour.
changed from clear to muddy
(always clear before, even
during heavy storms).

Sound like tree cracking, then
hillside turned to liquid;
looked like wave breaking on
beach.

Dustin Leer,
San Rafael,
Marin County.

3-5 seconds.

Several hours between
cracks and rapid
movement,

Barbara Denton,
Crockett,
Contra Costa
County.

Cracks opened across hillslope,
then stream of water from hill-
side, then slide in surficial
soil (moved approx 0.3—1.5 m/s).

Hollow rumbling sound like thunder, 45 minutes.

close by (no other major slides

in area), then varyingly rapid

movement, generally progressing

upslope.

Thomas Lewis,
San Rafael,
Marin County.

24 hours.
Several hours.

Brush and trees lean downslope.

Numerous small (less than 1 m
volume) failures from the same
place.

Heavy runoff of viscous water and
earth,

Leonard Davis,
Sausalito,
Marin County.

Immediately before
major pulse.
Gary Greene, Less than 2 minutes.
near Branci-
forte Creek,
Santa Cruz
County.

Noticed pullaway cracks on brush—
covered hillslope; mass left
the scar as a slab, rapidly
became fluid, then turned and
flowed down canyon at about
6 m/s.

debris flows were mobilizing from slow-moving slides. In-
stantaneous movement was also witnessed: At one site,
within a span of several seconds an observer saw a small
waterfall in an intermittent drainage change in color from
white to brown and then disappear as the hillside collapsed
downslope as part of a debris flow (table 6.2). Such reports
of instantaneous mobilization are inconclusive, however,
because eyewitnesses might not have detected movements
preceding mobilization, especially during storm condi-
tions.

Another prominent contrast was degree of mobilization.
Most shallow slides that mobilized during the storm
mobilized completely, leaving scars empty of failed
material (figs. 6.1, 6.3, 6.4, 6.14, 6.15, 6.20). Other slides
mobilized partially, leaving dislocated slide masses as well
as scars from which soil had flowed (figs. 6.19, 6.35);
debris flows in such cases characteristically issued from
the flanks or toes of slides. Many other shallow slides
moved during the storm but did not mobilize at all as
debris flows (figs. 6.22, 6.23).

Deposits of debris flows differed in several respects that
may have reflected contrasts in the style of mobilization.
Differences in the thickness and lumpiness of deposits par-
ticularly caught our attention (see case studies below).
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These various contrasts raise such questions as: Why
was mobilization faster in some cases than in others? Why
did some slides mobilize and not others? Why did only
parts of some slides mobilize? To pursue such questions,
we discuss the influence of soil texture and the relation
between slide and flow, and then consider possible means
of debris-flow mobilization.

THEORY OF MOBILIZATION
SOIL TEXTURE

Soil texture, particularly clay content, influences the
susceptibility of soils to debris flow. Debris flows generally
oceur in poorly sorted soil that contains a small propor-
tion of clay-size material (Rodine, 1974, p. 69). The lower
limit of clay content is important because sustained flow
requires at least a small proportion of clay (Rodine, 1974),

FIGURE 6.23.—Mobilized and nonmobilized shallow landslides induced
by the storm on a hillslope near Tomales Bay. Soil slip/debris flows
have left trails at A, B, and C, extending downslope from scars; at
least one fresh scar (D) developed from a subdued old soil-slip sear.
Slide at E has not mobilized; movement is evidenced by fresh cracks
at head and bulge at toe. Subtle break in slope that crosses hillside

presumably because clay content permits a clay-water
pore fluid that helps to maintain the pore pressures which
facilitate flow (Pierson, 1981). At the other extreme, large
proportions of clay may prevent mobilization by providing
cohesion that inhibits remolding. In soils that must take
on water to flow, abundant clay also increases the amount
of water needed to reach states capable of flow, and it
limits the permeability needed for incorporation of water.
Slow-moving slides called earth flows, rather than debris
flows, are typically found in such clay-rich soils (Keefer
and Johnson, 1978).

The influence of clay content on mobilization of debris
flows is illustrated in figure 6.17, which shows textures
of 50 soils that flowed in the storm. Minimum 2 ym-clay
content is 3 percent, and 8 percent clay forms the lower
bound for 98 percent of the samples. The highest clay con-
tent is 3b percent, which suggests that clay content higher
than about 35 percent was sufficient to prohibit mobiliza-

horizontally immediately above the slide at E probably follows a
bedrock contact. Contrast in materials across this contact probably
accounts for difference in style of movement, and concentration of
water along this contact probably contributed to soil slips that left
debris-flow trails at A and C.
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tion of debris flows during the storm. Most fast-moving
debris flows that originated from hillslopes in long-term
equilibrium had clay contents less than 25 percent, as
discussed above in the subsection entitled ‘“‘Soils In-
volved.” Thus, susceptibility to mobilization was limited
to soils with clay contents of 3 to 35 percent, more com-
monly 8 to 25 percent. These ranges are so broad,
however, that clay content, by itself, has only a limited
use in determining the potential for debris flow.

TRANSITION FROM SLIDE TO FLOW

The conditions under which a debris flow can develop
from a soil slip may be evaluated by using the concept of
plug flow, in which flowing debris is modeled as a relative-
ly rigid plug or slab rafted on a zone of laminar flow
(fig. 6.24). Johnson (1970) called the thickness of the plug
the critical thickness for flow, because as a debris flow
thins to this point the plug bottoms out and becomes a
deposit. Thus, critical thickness is reflected, at least ap-
proximately, in the thickness of the lateral deposits or the
lobe at the distal end of the flow. For a broad sheet of
Bingham material, which is representative of the flow as
it leaves the soil-slip scar (figs. 6.1, 6.13), the critical
thickness (T') measured normal to the slope is given by
the relation

i k[
T= yrsin B’ @)

where krand yrare the shear strength and saturated unit
weight of the flow, respectively, and 8 is the slope
(Johnson, 1970, p. 488, 503). Thus, the thickness of the
plug is proportional to the strength of the debris-flow
material.

For the process of soil slip/debris flow, inherent rela-
tions exist between critical thickness for flow and thick-
ness of the sliding slab. For a sliding slab of soil to

Plug flow

) Laminar flow

FIGURE 6.24.—Schematic cross section of a debris flow on a hillside of
slope . T, critical thickness for debris flow; arrow indicates downslope
movement. Modified from Johnson (1970, p. 488).

transform directly into a debris flow, its critical thickness
when remolded must not exceed the thickness of the
sliding slab; otherwise, the slab must thicken for flow to
begin, which is unlikely (fig. 6.25). Thus, the theoretical
limiting case for flow from the scar is described by equa-
tion 2 when 7 equals the slide thickness. In actuality, the
critical thickness probably must be somewhat less than
the slide thickness if much of the slab is to be remolded
during sliding. As a result, mobilization apparently re-
quires development of slurry strengths low enough that
the critical thickness is somewhat less than the slide
thickness.

MOBILITY INDEX

Rodine (1974) and Johnson (1984) considered water con-
tent to be the key to the low slurry strengths needed for
mobilization. They devised a mobility index (M.1.), defined
by Johnson (1984) as the ratio of saturated water content
of the inplace soil to the water content needed for flow
of that soil down the available channel. They assumed the
soil to be saturated, as we do in the following analysis,
because high water levels typically accompany failure and
mobilization. They determined the water content needed
for flow through innovative strength testing and measure-
ment of channel form. Mobilization was considered likely
where the saturated water content of inplace soil was suf-
ficient for debris flow down the available channel, and less
likely where soil must take on additional water to flow.
They found that the soils involved in debris flow had
M.1.>0.85.

APPROXIMATE MOBILITY INDEX

An approximation of the M.I. can be obtained by using
the Atterberg liquid limit to approximate the water con-
tent needed for flow.2 Thus, this approximate mobility in-
dex (A.M.L.) is the ratio of the saturated water content
of inplace or undisturbed soil to its liquid limit. Qualitative-
ly, the liquid limit seems suitable for this use because it
represents the water content at which soil behavior is
marginally fluid under shallow conditions. Quantitative-
ly, the liquid limit represents a shear strength of about
2 kPa (Seed and others, 1964, p. 77), which can be
translated to a critical thickness of 20 cm by using equa-
tion 2 with typical values for the debris flows under discus-
sion (8=30°; saturated unit weight of flow material,
20 kN/m3). This critical thickness is substantially less than
the typical thickness of soil slips induced by the storm
(approx 1 m), and it lies near the upper end of the typical

#We use liquid limit to represent the water content at which soil would flow as a slurry because
it is a simple, reproducible test.. Unfortunately, however, the liquid limit is measured on only
the fine fraction of the soil (fraction smaller than the No. 40 sieve size—fine sand and smaller).
For soils that contain an abundant coarse fraction, the liquid limit is probably significantly larger
than the water content needed for flow.
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range of thicknesses of lateral deposits left by debris flows
during the storm. For these reasons, the liquid limit seems
well suited to approximate the water content needed for
debris flow during the storm.

The A.M.I. is plotted in figure 6.26 for the soils listed
in table 6.1 that mobilized as debris flows during the
storm. Soils that plot above the solid line (case A,
A.M.1.>1), had an initial capacity to hold more water than
their liquid limit. When remolded, these soils would flow
readily because they would have low shear strengths and
critical thicknesses well below typical slide thickness.

Soils that plot below the solid line (A.M.I.<1) must have
taken on water in order to flow. These soils correspond
to a low potential for flow according to the M.L., yet figure
6.26 demonstrates that many such soils flowed during the
storm. We subdivide this area of the plot into two zones.
For soils of case B (0.45<A.M.I.<1), incorporation of
water was sufficient for flow, at least in parts of slide
masses. Soils of case C (A.M.1.<0.45) apparently could not
incorporate enough water for flow.

THE STEADY STATE AND LIQUEFACTION

The M.I. approach can be elaborated by considering the
initial sliding of a slab of soil. As significant deformation
begins at failure, soil in the basal shear zone will approach
a critical, or steady, state (Castro, 1969; Casagrande,
1976). Critical-state soil mechanics indicates that a satur-
ated soil, if continuously distorted until it flows as a fric-
tional fluid, will come into a well-defined state character-
ized by a water content and corresponding strength, both
of which are related to effective confining stress (Schofield
and Wroth, 1968). A similar concept was described by
Poulos (1981) as the steady state of deformation.

The significance of the steady state is summarized in
figure 6.27. Figure 6.27A shows that the void ratio (or
water content) of a drained saturated sand undergoing
shear approaches a single value regardless of its initial
density; loose sand contracts (contractive behavior),
whereas dense sand dilates (dilative behavior). Where
deformation occurs in undrained conditions, loose soil
behaves very differently from dense soil. This contrast
is illustrated in figure 6.27B, which shows the variations
in both axial load and pore pressure in undrained, load-
controlled, monotonie triaxial tests on sand (Castro, 1969;
Casagrande, 1976). As strain begins, both loose and dense
sands behave similarly; but at strains of about 1 percent,
sudden decrease in the resistance to shear in the loose
material permits rapid acceleration of strain, even at
reduced load. This decrease in strength results from in-
creased pore pressure, generated by a tendency for con-
traction of the loose material; the approach of this pore
pressure to the confining load of the test indicates that
most of the load is borne by the pore fluid and little by
grain-to-grain contact that provides frictional strength.
Such behavior is called actual liquefaction (Casagrande,
1976). Dense undrained sand does not show this weaken-
ing but initially strengthens with strain as a tendency for
dilation reduces pore pressure. Figure 6.27C shows that
the steady-state void ratio, or critical void ratio (Terzaghi
and Peck, 1967, p. 108; Casagrande, 1976), depends on
the effective confining stress under which deformation
oceurs.

Repeated tests like those in figure 6.27B have shown
that liquefaction occurs only in soil that is contractive, that
is, soil for which the combination of void ratio and effec-
tive confining stress plots above its steady-state line
(Casagrande, 1976; fig. 6.27C). Loose soil that is not

Mobilization
likely

Limiting case

Mobilization
unlikely

/4

FIGURE 6.25.—Schematic cross sections of soil slip/debris flows, showing hypothetical relations between slide depth (upslope rectangle) and critical
thickness (downslope rectangle) for debris flow. Transformation to flow is likely where critical thickness is less than slide depth, and unlikely

where slide mass must thicken for flow to begin.




96 THE STORM OF JANUARY 3-5, 1982, IN THE SAN FRANCISCO BAY REGION, CALIFORNIA

highly contractive (fig. 6.27B, test B) may not undergo
signifieant loss of strength or may liquefy only temporar-
ily (“limited liquefaction” of Casagrande, 1976).

The transition of soil in the basal shear zone from an
initial void ratio at critical equilibrium just before failure
to a steady-state void ratio can be described by using
“‘state diagrams” (fig. 6.28), in which the soil’s void ratio
(e) is plotted against effective confining stress (o3). For
loose (contractive) soil at an initial state represented by
point A in fig. 6.284, shear deformation during failure
moves the soil state toward the steady-state line. If defor-

mation is undrained, the increased pore pressures result
in a horizontal path to point B, at which steady-state flow
conditions would be attained. This path is the common
result of strongly contractive behavior in soils without
high permeability, and so it is emphasized by shading in
figure 6.284. Any contraction permitted by drainage dur-
ing shear reduces e and thus shifts the state downward
to a point such as C. The unlikely circumstance of drained
conditions, in which there is no increase in pore pressure,
would permit a vertical path to point D on the steady-state
line.
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FIGURE 6.26.—Relation between saturated water content and liquid limit for soils in table 6.1 that mobilized as debris flows during the storm.
Approximate mobility index (A.M.1.) is ratio of saturated water content to liquid limit. Dashed line, lower limit of A.M.I. for soils that flowed
in the storm; upper limit is 1.70. Squares represent soils in two-layer soil slip/debris flows at three sites in Marin County: solid squares,

dark surficial soils; open squares, tan subsoils.
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Dense (dilative) soils, in contrast, must draw water to
the dilating zone for deformation to continue, and so dila-
tion, and the mobilization that may result, requires time,
particularly in soil of low permeability. On the state
diagram in figure 6.28B, shear deformation shifts the
state upward (increases ¢) from a prefailure, critical-
equilibrium state (point E) that lies below the steady-state
line. Drained conditions with no change in effective stress
would permit a vertical path to point F. Partially drained
and undrained conditions would result in paths toward the
right in figure 6.28B, such as to points G and H. However,
paths that veer far to the right are unlikely in rainfall-
triggered landslides, particularly where soil is non-
cohesive, because movement and the resulting deforma-
tion in the basal shear zone are brought about by low
effective confining stress; in such landslides the basal
shear strain is probably held to a rate that permits enough
drainage for movement. Paths that veer somewhat to the
left from point E could occur, for example, if continuing
rainfall during drained deformation increased pore pres-
sures sufficiently to reduce the effective confining stress
below the value at point E. In general, however, state
paths in dilative soils in basal shear zones of rainfall-
induced landslides probably are constrained to a nearly
vertical zone, as shown by shading in figure 6.28B.

POSSIBLE MEANS OF MOBILIZATION

When the steady-state concept is combined with the
M.L. approach, means of mobilization can be portrayed on
state diagrams through relations among three factors: the
initial state, the steady-state line, and the minimum void
ratio needed for flow from the scar (e), which corre-
sponds uniquely to the strength kydefined by equation 2
when T equals the slide thickness. Figure 6.29 portrays
these factors for examples of both contractive and dilative
soils, with the likely paths of contractive and dilative
behavior shown by shading.

If these three factors were independent, there would
be six relations logically possible among the factors, defin-
ing six possible cases of mobilization or absence of
mobilization. The value of ¢;, however, is not independent
of the other factors. To define the position of eralong the
steady-state line in figure 6.29, particular hypothetical ex-
amples of dilative and contractive soils are plotted. These
particular soils are noncohesive, have similar steady-state
behavior as represented by the single steady-state line,
and have similar unit weight; each soil lies under a slope
of inclination f in a potential failure zone at depth k that
is at critical equilibrium under slope-parallel seepage with
saturation to the ground surface. These soils thus have
similar effective confining stress before deformation, in
each case resulting from the normal component of
buoyant weight of the soil (fig. 6.29; see Lambe and Whit-

man, 1969, p. 354). The position of ¢;on this plot can be
determined by noting that the driving shear stress at
failure of an infinite slab of thickness &, under conditions
of slope-parallel seepage with saturation to the ground
surface, equals the driving shear stress for the limiting
case of flow at the same thickness (T'=% in eq. 2), name-
ly, the downslope component of saturated weight of the
soil per unit area (see Lambe and Whitman, 1969, p. 354,
Johnson, 1970, p. 488). Thus, the frictional strengths
mobilized in resistance, and their corresponding effective
confining stresses, must also be equal, and the limiting-
case steady-state void ratio ¢ must correspond to point
C in figure 6.29.

Mobilization probably requires void ratios somewhat
greater than ey, as mentioned previously, and so the void
ratio at liquid limit is shown in figure 6.29 to approximate
the lower limit of void ratios likely to mobilize. The plotted
position of liquid limit represents a strength severalfold
lower than ky. Plotting the position of the liquid limit also
clarifies the relation of the A.M.I. to the state diagram.
Where A.M.1.>1, initial conditions fall above the void ratio
at the liquid limit, in the upper part of figure 6.29. Where
A.M.I1.<1, initial conditions fall below the void ratio at the
liquid limit. Thus, the A.M.I. serves as a guide to contrac-
tive or dilative soil behavior in shallow landslides.

With the basic relations among these factors defined
as in figure 6.29, two principal cases of mobilization
emerge, the contractive and the dilative. These results
confirm the impressions of many investigators, as
reported by Costa (1984, p. 270), that liquefaction and dila-
tion constitute the principal processes of debris-flow
mobilization.

CoNTRACTIVE CasE

For strongly contractive soils, shear deformation at the
base of the slide results in paths like path 1 from point A
(fig. 6.29). Such paths result in steady-state void ratios
that are much greater than g, and so flow from the scar
can occur readily by liquefaction (as defined by Poulos and
others, 1985). Mobilization is essentially instantaneous
because strains of only about 1 percent are sufficient to
initiate liquefaction (Casagrande, 1976). Mobilization is
typically complete because strength is so greatly reduced
upon small strain. Deposits that reflect critical thickness
are much thinner than the parent scar because slurry
strength is much less than kf; thus, travel distance may
be great because little material tends to be left along the
path (Cannon, 1985, 1986). Deposits are of smooth con-
sistency because excess water was present initially
throughout the saturated portion of the soil. This means
of mobilization corresponds approximately to case A of
figure 6.26 (A.M.1.>1).

For soils that are weakly contractive or that have suf-
ficient permeability to permit significant drainage, state
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paths will intersect the steady-state line lower down (such
as path 2, fig. 6.29). Here, the steady-state void ratio is
closer to ef, and the resulting flows are stronger. Where
drainage 1s complete or where soil is barely contractive
(initial condition A", figure 6.29), the soil may not mobilize
because the steady-state void ratio may be less than the
void ratio at the liquid limit.

DiLaTive Case

Dilative soils in the basal shear zone start from states
such as B, below the steady-state line (fig. 6.29). Dilation
by basal shear deformation during failure results in paths
like path 3, which reach the steady-state line with void
ratios near ef, marginally capable of flow from the scar.
Such paths may originate somewhat to the right or left
of point B, and then follow more or less vertical paths to
the steady-state line. Paths to the right of path 3 would
occur in cases where failure is triggered by pore pressures
lower than those resulting from slope-parallel seepage
with saturation to the ground surface. Under the condi-
tions illustrated in figure 6.29, such paths could not attain
mobilization through steady-state behavior in the basal
shear zone. Paths to the left of path 3 would occur in cases
where failure is triggered by pore pressures greater than
those represented by path 3.3 Such high pore pressures
promote mobilization by steady-state deformation in the
basal shear zone, and mobilization by this means can be
complete because the entire basal shear zone can undergo
sufficient dilation.

In many cases, dilative soils probably cannot mobilize
solely by steady-state deformation of the basal shear zone.
Slide movement may not be sustained enough to reach
the steady state, in part because cracks cpened by move-
ment tend to lower water levels in the slide mass, and
steady-state void ratios, if achieved, may not be quite suf-
ficient for flow. Parts of the sliding mass, however, may
be mobilized by local dilations that result from deforma-
tion outside of the basal shear zone. Such partial mobiliza-
tion may occur along the flanks of the slide, where shear
may be accompanied by extension and by abundant water
channeled along pullaway cracks, and at the toe of the
slide, where dilation may be accompanied by abundant

Regardless of loose or dense soil behavior, initial conditions well to the left of line AB approach
the quick conditions (o, =0) described by Iverson and Major (1986).

water and oversteepened slopes. Dilation from such
sources is reflected in the pattern of flows shown in figure
6.19. Major deformation also occurs where the slab passes
over the lip of the scar (fig. 6.30). Bending here causes
successive dilations and contractions that, with sufficient
water, would promote mobilization.

Mobilization by dilation is slower than by liquefaction
because the water content must increase. Deposits that
reflect critical thickness are thinner than the scar depth,
but they are typically thicker with respect to scar depth
than are deposits mobilized by liquefaction; thus, travel
distance is generally less. Deposits are lumpy because
water content has increased in some parts of the mass
more than others, as when milk is added to oatmeal.
Dilative mobilization is documented in the Salmon Creek
case study below and by Fleming and others (in press).
This means of mobilization corresponds approximately to
case B in figure 6.26.

The foregoing analysis of mobilization has focused large-
ly on behavior in the basal shear zone. Mobilization of a
slide mass is also facilitated by other deformations in-
curred as it moves from the scar, some of which are
illustrated in figure 6.30. The results of these deforma-
tions are influenced by soil state in the general manner
discussed above. In homogeneous soil, deformation in the
body of the slide mimics that in the basal shear zone and
thus results in the features described above for each case.
Where soil is heterogeneous at a site, means of mobiliza-
tion and the resulting features may be mixed.

MOBILIZATION DURING THE STORM

Although we lack the steady-state test data needed to
identify the specific means of mobilization that occurred
in the storm, the wide range in A.M.I. (fig. 6.26) suggests
that mobilization oceurred by both contractive and dilative
means. The debris flows that eyewitnesses observed to
follow from slow sliding probably occurred in dilative soils,
whereas apparently instantaneous debris flows probably
resulted from liquefaction of contractive soils. Empty
scars, as shown in figures 6.1 and 6.3, probably resulted
from contractive behavior, although complete mobiliza-
tion is possible also in dilative soils. The partial mobiliza-
tion shown in figure 6.19 is typical of dilative behavior.
Nonmobilized slides, such as those shown in figures 6.22
and 6.23, probably occurred in dilative soils. The follow-
ing case studies illustrate these means of mobilization.

state. B, Deviatoric stress (upper plot) and induced pore pressure
(lower plot) as functions of axial strain (g), from undrained triax-
ial tests on sand at different initial relative densities after consolida-
tion (D). Curves: A, D,,=30 percent, 0.2 s from peak to £=18
percent; B, D, =44 percent, 0.4 s from peak to =18 percent; C,

D, =47 percent, 37 minutes to e=12 percent; D, drained test for
comparison, D =30 percent. C, Steady-state void ratio as a func-
tion of effective confining stress. Arrows, start of test (after con-
solidation); dots, liquefaction. Actual liquefaction occurred only in
loose (contractive) soil.
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REED (CASE STUDY 7, PL. 5)
By Srepuen D. EiLen, PHiLip C. LAHR, and Susan H. Cannon

Several soil slip/debris flows and other landslides oe-
curred during the storm on a hill near Reed, in the south-
ern part of Marin County (fig. 6.31). Residents witnessed
four debris-flow events from the wooded northwest side
of the ridge between 1:00 and 9:00 p.m. Pst. January 4
(EW. Hart, written commun., 1983); these events probably
correspond to the four scars in the northwestern part of
figure 6.31. Sounds of snapping trees accompanied the
afternoon events. One house, approximately 275 to 300 m
from the soil-slip scars and 180 m from the nearest point
of the debris-flow trail, shook noticeably during at least
one of these events (Harry North, Jr, oral commun., 1982).

Lahr (1982) tested materials from five of the landslides
shown in figure 6.31. Most of these landslides were soil
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FIGURE 6.28—State diagrams” illustrating changes in state during defor-
mation of contractive soil (4) and dilative soil (B). Shading shows state
paths likely in rainfall-induced landslides. Letters identify state paths
discussed in text.
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slip/debris flows, both in woodland (site 1, fig. 6.31) and
in grassland (sites 2-4). For comparison, he also sampled
clayey soil from a complex of earth slides, small parts of
which had mobilized as a slow-moving debris flow (site 5).
The results of his field and laboratory tests are listed in
table 6.1 and plotted in figures 6.16 through 6.18 and
figure 6.26.

Scars of the soil slips studied by Lahr are underlain by
Franciscan metasandstone; similar bedrock underlies the
entire area, according to mapping by Rice and others
(1976). The scars occur in granular soil mantle derived
from metasandstone, similar to the soil mantle over Fran-
ciscan sandstone in the bay region. Permeability contrasts
are present in bedrock near each of these soil-slip scars,
as evidenced by springs emanating from sears (sites 1, 2,
fig. 6.31) and by clayey materials immediately downslope
of scars (sites 1, 3, 4). Proximity of these scars to
permeability contrasts suggests the influence of water-
concentration mechanisms that operate along bedrock
contacts. Slopes at these scars range from 21° to 27°; these
relatively gentle slopes of failure (see fig. 6.16) suggest
elevated pore pressures that can accompany these water-
concentration mechanisms.

Sites 2 and 3 show evidence of two distinct flows from
each scar (fig. 6.32). At each site, one flow developed from
dark surficial soil, and one from underlying tan colluvial
soil; a zone of clay enrichment separated these two soils.
In each case, the first material to flow from the scar was
the dark, organic-rich surface layer. This material left a
broad trail, largely of flattened grass, bounded by low
(approx 10 cm) lateral deposits that were smooth textured
except for lumps of sod, suggesting a broad thin sheet of
fluid, fast-moving slurry (figs. 6.33, 6.34). The second flow
in each case involved the tan inorganic lower part of the
soil mantle; at site 3, where relations were clear, this
second flow resulted from partial mobilization. This flow
left a narrower trail lined by generally thicker (approx
30 ¢m) and lumpier lateral deposits and including more
abundant patches and lumps of deposit within the trail
(figs. 6.33, 6.34), suggesting a stronger, less fluid slurry
that moved as a thicker sheet. The single scar suggests
that both flows began mobilization at the same instant
from a sliding failure that extended down into the tan
colluvial soil; otherwise, the precise superposition of scars
would be fortuitous. Thus, the time interval between the
two flows apparently resulted solely from different rates
of mobilization.

The behavior of these two-layer soil slip/debris flows is
clarified through the test results plotted in figure 6.26,
which include data for a third site that shows similar rela-
tions (see Salmon Creek case study below). At all three
sites, dark surficial soil has A.M.1.>1, suggesting contrac-
tive behavior. The underlying tan soil at site 3 and at
Salmon Creek had A M.1.<1, suggesting dilative behavior;
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at site 2, the A.M.I. of tan soil was slightly greater than 1,
and so this soil appears to be slightly contractive. Thus,
these results are consistent with the observed relations
between rapidly mobilized, thin, smooth deposits deriv-
ed from the dark soil, and more slowly mobilized, thicker,
lumpy deposits derived from the tan soil.

Some features of the deposits at these sites may have
been influenced by other factors. Water held by the grass
before passage of the flows probably was incorporated in-
to the flows and contributed to thinning and smoothing
of the first flow episode at each site. Geometry of the land-
slide failure surface probably also affected the results.
Because rotational slides tend to stabilize themselves by
movement, they are less likely than slab slides to mobilize
completely, particularly for soils that must dilate to flow.
Partial mobilization at these sites may have resulted in
part because sliding in the tan soil involved considerable
rotation.

Similar modes of failure and mobilization occurred at
other sites. Failure of dark surficial soil without failure
of underlying tan soil was common during the storm
{Davenport, 1984; see subsection entitled “Brookhaven
Site” in chap. 9). At Canham Road (see chap. 8), a rapid
debris flow of black soil, followed by less-fluid debris flows,
suggests a two-layer soil slip/debris flow.
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SALMON CREEK (CASE STUDY 8, PLS. 5, 6)
By StepHen D. Erien, Ropert W. FLeming, and MiTcHELL A. ALcus

The features shown in figure 6.35 resulted from a com-
plex landslide in which some parts mobilized as debris
flows and another part slid approximately 1 m and rotated
slightly but did not mobilize. The site is described more
fully by Fleming and others (in press). R.W. Nichols and
S.H. Cannon assisted in sampling and testing. We ap-
preciate access to the site granted by Alvin and Robert
Gambonini.

The landslide developed in a broad subtle swale near
the base of a nearly planar hillslope adjacent to an alluvial
terrace along Salmon Creek. Franciscan sandstone is
exposed in the scar, and the hillslope was mapped as Fran-
ciscan sandstone by Blake and others (1974). The domi-
nantly colluvial soil in which the landslide occurred is
granular and slightly cohesive (SM or SC of the USC
system), similar to soil over Franciscan sandstone else-
where in the bay region. The soil mantle consists of a dark
layer (dry density, 1.40 g/em?®) extending from the ground
surface to 0.6-m depth, a clay-rich zone (dry density, 1.88
glem?) from 0.6- to 0.9-m depth, and a homogeneous tan
colluvium (dry density, 1.75 g/em?®) from 0.9 m to bedrock
at about 2- to 2.5-m depth. Features in a large concavity

Path 1
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Void ratio at
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Normal component of buoyant
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FIGURE 6.29.—*State diagram” showing contractive and dilative means of mobilization. Shading shows state paths likely in rainfall-induced
landslides from initial conditions A and B; points A" and C are discussed in text. Steady-state void ratio greater than e, is necessary for
debris flow from soil-slip scar. Initial conditions that plot above void ratio at liquid limit have A.M.1.>1.



102

upslope from the site suggest past soil-slip activity; the
soil mantle at the site probably consists of, or is derived
from, deposits of these past events.

Neutral fiber of slab

FIGURE 6.30.—Schematic downslope cross section of soil slip/debris flow
as it leaves scar, showing zones of dilation (d) and contraction (c) in
slab as it passes over lip. Position of neutral fiber depends on behavior
of soil.
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Seepage, which occurred for at least several months
after the storm from a broad zone directly below the scar
(fig. 6.35), suggests the presence of permeability contrasts
that during the storm may have resulted in out-of-slope
seepage. The uncommonly gentle (22°) slope of failure in
typical materials suggests elevated pore pressures, which
could result from out-of-slope seepage.

Principal landslide features (fig. 6.35) are the large
arcuate scar from which materials mobilized; the slab re-
maining within the arc of the scar; and the debris-flow
deposits that lead downslope from both ends of the scar,
then turn on the very gently sloping terrace surface to
extend beyond the left side of figure 6.35.

Both the deposits and scar showed evidence of two-layer
soil slip/debris flows. In trails leading from both ends of
the scar, lateral deposits of tan soil, which were lumpy
and commonly at least 60 cm thick, lay nested within thin
(max 10 em thick) lateral deposits, consisting largely of
grass clods, mobilized from the dark upper layer. This
nested relation indicates that the dark soil flowed first.
At both ends of the arcuate scar, paired dark lateral
deposits led from the very edges of remnants of shallow
scars in the dark surface layer. Several lateral deposits

0
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EXPLANATION
Empty soil-slip scar

Landslide scar in which
most deposits remain

7 : Trail of debris flow
Forest cover
Grassland

Unpaved road

200 METERS
1 |

CONTOUR INTERVAL 40 FEET

F1GURE 6.31.—Storm-generated landslides near Reed, Marin County. Sites 1 through 5 denote landslides studied by Lahr (1982); site 6 is a land-
slide from which samples SQ-15A and SQ-15B (table 6.1) were taken. Base enlarged from U.S. Geological Survey San Rafael (1954) and
San Quentin (1959) 7.5-minute quadrangles.
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EXPLANATION

Exposures and deposits of
dark, organic-rich soil

Exposures and deposits of un-
derlying tan soil

Edge of scar—Dashed where
’r\? concealed

D Grass cover

Contour line

/

Disrupted
slide
mass

Dark organic soil
exposed in scar

Tan soil exposed in scar

Thin smooth lateral deposits of dark
organic soil containing grass clods

Thicker, lumpy deposits of tan soil

Bedrock

FIGURE 6.32.—Schematic map (4) and downslope cross section (B) showing features typical of two-layer soil slip/debris flows. Figure 6.32B
shows only those deposits in plane of cross section. Grass cover not shown in cross section.
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of tan soil extended from the lips of the scar, at least on
the end of the scar at the right side of figure 6.35, but
identification of matching pairs is complicated by the par-
tially mobilized slump (including nonmobilized dark sur-
ficial soil) that occupied most of the right half of this trail,
upslope from the calf.

Laboratory testing described representative samples
(table 6.1) and concentrated on factors affecting mobiliza-
tion. The dark soil had A.M.I.=1.70, suggesting contrac-
tive behavior; the tan soil had A.M.I.=0.83, suggesting
dilative behavior. Typical samples of the tan soil, which
was studied in more detail, had liquid limits 3 to 4 per-
cent higher than saturated water contents, and slurries
that would pour from a beaker could be mixed with as
little as 2 percent water beyond the liquid limit. An un-
disturbed sample of the tan soil, collected just above the
basal shear zone, showed dilation in simple shear under
confining pressure appropriate for the depth of the basal
shear zone (approx 1.5 m). The measured dilation cor-
responded to a 3.4-percent increase in saturated water
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content, and the sample may not have reached its steady-

state void ratio. Thus, shear dilation near the slip surface

was apparently sufficient or nearly sufficient to increase
water content to the liquid limit, and thus barely suffi-
cient to mobilize debris flows from the tan soil.

The landslide features and measured soil properties sug-
gest the following sequence of events.

1. Failure occurred in the shear zone that defines the base
of the slab, near the base of the tan soil. The sliding
mass occupied most of the volume of the present
empty scar plus the slab remaining. Sliding of the
large mass was slow and probably sporadic because
the soil at the slip surface was dilative; if this soil had
been contractive, small displacements of the mass
would probably have resulted in liquefaction and con-
sequent rapid movement of the entire mass.

2. Movement of the slide mass affected the hillslope in
two principal ways: (i) By opening a pullaway crack
at the crown, it interrupted throughflow and surface
flow to the slide mass, tending to arrest its movement,

T
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FIGURE 6.33.—Deposits from two-layer soil slip/debris flow near Reed, Marin County. Dark surficial soil forms thin deposit of relatively smooth
consistency near auger; underlying tan colluvial soil forms thicker lumpy deposits at bottom center of view.
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and channeled this flow toward the flanks of the slide,
promoting further movement there; and (ii) it dilated
soil in the basal shear zone and in other parts of the
landslide, particularly near the flanks, head, and toe,
where dilation could result from extension and shear.

3. Near the flanks of the slide mass, elevated water levels
induced failures in the weakened materials. First, the
contractive dark surface soil mobilized rapidly by
liquefaction to produce a fluid flow that left thin
lateral deposits. Then, the tan soil, dilated by exten-
sion and shear, mobilized slowly as a more viscous
slurry that left thick lumpy deposits, reflecting dila-
tion to a water content barely sufficient for debris
flow down the hillslope. The remaining slab did not
mobilize because either it was stabilized by slight rota-
tion, access of water was insufficient for continued
failure, or dilation from basal shear alone was insuf-
ficient to mobilize the soil.

4. Failure and mobilization occurred in the crown area
of the slide (to complete the arc of the scar), in the
slump near the right side of figure 6.35, and at the
subsidiary scars that cut back into the main scar. Ero-
sion by seeping and running water modified the scar
throughout the sequence.

PREDICTING MOBILIZATION

The foregoing analysis provides three principal methods
for predicting mobilization of debris flows from soil slips:
clay content, A.M.IL, and steady-state soil testing. Clay
content provides a crude first cut at predicting suscep-
tibility to debris flow at sites subject to shallow slope
failure. Soils with clay contents between 3 and 35 per-
cent were capable of debris flow in the storm, and a more
limited sample of fast-moving debris flows from hillslopes
in long-term equilibrium showed clay contents generally
between 8 and 25 percent (fig. 6.17). The breadth of these
ranges, however, makes this measure, by itself, of limited
use.

The ratio of saturated water content to liquid limit, the
A.M.I (fig. 6.26), distinguishes in approximate manner
soils capable of rapid mobilization by liquefaction (A.M.I.
>1) from soils that must dilate to flow (A.M.I.<1). This
index also provides an empirical limit for soils susceptible
to soil slip/debris flow (boundary between cases B and C,
fig. 6.26; A.M.I.=0.45), and the simplicity of this index
encourages additional testing that can define this bound-
ary more precisely. Clay content or plasticity of soils may
be a useful supplement to the A.M.1. for evaluating the
susceptibility of dilative soils. At sites where failure is like-
ly, the A.M.I. provides a simple and inexpensive means
of predicting the likelihood of debris flow and the nature
of its initiation.

The most precise site-specific method of prediction per-
mitted by this analysis uses the liquefaction-evaluation
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procedures of Poulos and others (1985) to determine the
steady-state parameters of critical soils at sites of poten-
tial failure. These procedures permit determination of the
initial state and the steady-state line, and thus the soil’s
contractive or dilative behavior, the magnitude of diver-
gence from steady-state conditions, and the steady-state
strengths that can be expected. When combined with
liquid limit or a more precise measure of conditions needed
for flow, these measures provide as precise a description
as possible of the aspects of soil behavior critical to
mobilization. Testing required by the steady-state method
may be complicated by heterogeneity of materials, coarse
particles in the soil, and the low confining stresses that
characterize shallow landslides.

SUMMARY

Almost all the debris flows induced by the storm mobil-
ized directly from soil slips. Theoretical analysis and
limited test data indicate that the rapid and complete
mobilization that produced thin lateral deposits resulted
from liquefaction of contractive soils, whereas mobiliza-
tion that was slow and partial, or slide movement that
did not produce debris flow, resulted from dilative soil
behavior. The means of mobilization may be evaluated in
approximate or precise fashion by soil testing. Such
evaluation will help in predicting: (1) the potential for
mobilization—whether debris flow is likely from a given
slide or potential slide; (2) the completeness of mobiliza-
tion—the proportion of a slide or potential slide that may
be expected to transform into debris flow; (3) the speed
of mobilization—the lag time between initial failure and
flow; (4) the velocity and thickness of flow from the scar,
based on likely strength of the slurry; and (5) the travel
distance of the debris flow.

TRAVEL

Debris flow, as modeled by either simple plastic or
Coulomb viscous (Bingham) material, consists of a rela-
tively rigid plug riding on a zone of slurry that is undergo-
ing flow (fig. 6.24; Johnson and Hampton, 1969; Johnson,
1970, 1984; Rodine, 1974). Travel of debris flows can be
analyzed by using the concept of critical thickness, the
thickness of the rigid plug, as discussed above in the
subsection entitled ‘“Transition from Slide to Flow.” For
a debris flow to travel, its thickness must remain greater
than its critical thickness; deposition occurs where the
plug bottoms out, as the flow’s thickness decreases to its
critical thickness. The critical thickness of a simple plastic
or Bingham material in a broad channel is described by
equation 2, in which the critical thickness 7" varies directly
with the strength of a slurry. According to Johnson and
Hampton (1969, fig. 3.3), the strength of a slurry is deter-
mined chiefly by its water content and the proportions
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of various grain sizes. Pierson (1981) showed that slurry
strength also depends on pore pressures within the slurry,
which dissipate after deformation ceases.

Equation 2 shows the effect of change in slope on travel
of debris flows. Where slope steepens along the path,
decrease in the critical thickness promotes flow. Where
slope decreases along the path, a greater critical thickness
must be maintained for flow to continue.

EFFECT OF CHANNELS

Because debris flow requires a critical thickness of
slurry, a channel greatly facilitates sustained flow. As ex-
pressed by Rodine (1974, p. 69), “* * * flow containment
appears to be a necessary condition for continued flow
of debris flows.” Drainage channels may further promote
flow by providing additional water to weaken the slurry.

During initial flow from soil-slip scars, debris flows in
the storm typically moved without preexisting channels;

THE STORM OF JANUARY 3-5, 1982, IN THE SAN FRANCISCO BAY REGION, CALIFORNIA

in some places, such flows traversed considerable dis-
tances (fig. 6.86). During this initial phase of debris flow,
lateral deposits left by the leading part of a flow probably
channelized the rest of the flow. Once preexisting chan-
nels were entered by a debris flow, its chances for sus-
tained flow were greatly enhanced. Those debris flows
that traveled farthest moved down channels, and some
channels sustained debris flows on gradients as gentle as
several degrees (pl. 6).

EFFECT OF VEGETATION IN THE PATH

Debris flows in grassland typically left only lateral
deposits lining a swath of flattened grass that included
bits of muddy deposit (figs. 6.13, 6.15, 6.20). Some of these
trails showed evidence of subsequent running water, but
most appeared to be as they were left by the debris flow.
Movement of slurry over grassland appears to have been
accomplished by sliding as well as flow (fig. 6.36). Sliding
seems to be reasonable, considering the water-laden con-

FI1GURE 6.34.—Two-layer soil slip/debris flow at site 8 near Reed, Marin
County. A, Different debris-flow deposits lead from single soil-slip scar.
B, Lateral deposit to left of flagged stake in foreground of figure 6.344
consists of soil from organic upper layer of soil mantle. This deposit

is thinner and smoother than light-colored lumpy deposits to right of
flagged stake, which derive from lower horizons of soil mantle. Much
light-colored lumpy material remains in and near scar as a dis-
aggregated slump that only partially mobilized.
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dition of the standing grass and the rapid movement of
the debris flows, which would flatten the grass and release
water to form a near-frictionless blanket at its base. Dur-
ing movement over grass, incorporation of some of the
water released from the grass into the debris flow prob-
ably permitted progressive thinning of the deposits.

Brush and trees did not provide such slick paths for
debris flows. Such vegetation either caught and held bits
of the flow, or was torn from the hillslope to become part
of the flow (figs. 6.3, 6.5, 6.8). Brush and trees thus served
to transfer some of the downslope force of the debris flow
to the path and thereby facilitated additional failures that
probably added directly to the volume of the major pulse
(see Three Peaks case study above). This effect helps ex-
plain the abundance of soil-slip/debris-flow complexes on
forested and brush-covered hillslopes, and why such hill-
slopes appeared to be capable of larger debris-flow events
than grassland hillslopes.

The interaction that brush and trees provide between
debris flow and path also increases frictional drag on the
base of the debris flow. By slowing the front and base of
debris flows, frictional drag appears to encourage tall flow
fronts by permitting materials from the top and rear of
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the flow to overtake materials at the front and base. Such
effects help explain observed flow heights greater than
scar depth and the tumbling or rolling motion observed
at flow fronts (see Three Peaks case study above).

DEPOSITION

Debris flows may cease their movement and form
deposits for various reasons, most of which can be ex-
plained through the concept of critical thickness. Broaden-
ing of the channel may decrease flow thickness to the
critical thickness. Decrease in channel slope or dewater-
ing of the flow may increase critical thickness to the point
of stoppage. Deposits left along the path, described by
the lag rate (Cannon, 1985, 1986), may diminish the
volume of the flow to the extent that a critical thickness
cannot be maintained. And the tendency for concentra-
tion of coarse particles at the front and lateral margins
of debris flows may lead to strong marginal rims that
cause deposition of weaker flow material within (Pierson,
1984).

The most conspicuous deposits left by the storm were
lateral deposits, or levees, lining flow paths (figs. 6.15,
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6.33-6.36). These lateral deposits generally represented
the edges of broad tabular flows, where their thickness
decreased toward zero. Except where coarse clasts were
concentrated or velocities were great, the thickness of
lateral deposits recorded the critical thickness of debris
flows.

TRIGGERING MECHANISMS WITHIN
COMPLEXES

Within complexes of soil slip/debris flows (pl. 4), the
spatial association between auxiliary scars and the major
path suggests that the auxiliary slope failures were trig-
gered by other failures in the complex, either by loss of
support due to movement of adjacent ground or by debris
flows passing over the ground surface. The likely influence
of different triggering mechanisms can be explored
through time relations among scars in a complex and
through the likely role of vegetation in the path.

Most of the complexes examined in this study showed
evidence of complex sequences of events, suggesting that
different parts of a given complex failed at different times
during the storm. Within this complexity, however, some
consistent time relations emerged. Where one scar was
contiguous to the downslope side of another, time rela-
tions commonly suggested that the debris flow from the
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upslope scar followed a debris flow from the downslope
scar; in such places, failure at the upslope scar appeared
to have been triggered by removal of support from below.
In contrast, where scars lay separated within the path of
a debris flow, evidence commonly suggested that these
scars were absent when the debris-flow front passed. In
such places, auxiliary scars were probably triggered by
passage of the major debris flow; otherwise, the strong
spatial association between auxiliary scars and the major
path would make little sense.

Triggering of auxiliary soil slips by the passage of debris
flows could result from three possible mechanisms. Shak-
ing accompanying passage would add dynamic loads to
soil in the path. The suddenly imposed weight on soil
underlying the path would constitute an undrained loading
(Hutchinson and Bhandari, 1971). And the downslope
force of the moving debris, where coupled to the path by
vegetation, would add directly to the forces facilitating
failure. The greater abundance of complexes in forested
and brush-covered areas provides a clue to the relative
significance of these mechanisms. Whereas shaking and
undrained loading would probably not be significantly af-
fected by type of vegetation, the downslope pull of a debris
flow would be decidedly more effective in forest or brush
than in grassland. Thus, the downslope pull of debris flows

FIGURE 6.35.—Shallow landslide along Salmon Creek, Marin County, of which both margins have mobilized as debris flows. A, Hillside slopes
22° toward observer; alluvial terrace in foreground is approximately horizontal. Slab remaining within arcuate scar (above horses) has slid
downslope about 1 m; its toe is near fenceline that formerly crossed hillside horizontally near center. B, Sketch identifying features discussed
in text.
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on their paths appears to be the most effective trigger-
ing mechanism for auxiliary soil slips.

CONCLUSIONS

Debris flows in the San Francisco Bay region during
the storm originated from shallow slides of the soil mantle
on steep hillslopes. These soil slip/debris flows varied
widely in scale and complexity, from small single events
to large complexes in which numerous soil slips apparently
were triggered by passage of a major debris flow and thus
contributed to its volume.
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The distribution and features of soil slip/debris flows
triggered by the storm make sense mechanically when the
overall process is viewed as a sequence of steps. The
perched water tables that triggered failure of the soil
mantle generally resulted from a combination of current
intense rainfall and concentration of water in the land-
scape. Failure in most cases can probably be explained
by saturation to the ground surface, with seepage parallel
to the hillslope, but in some cases failure may have re-
quired elevated pore pressures. Soil slips mobilized into
debris flows by two principal processes that are reflected
in basic features of scars, trails, and timing of events. The

Sample tested in simple shear
was collected from within the
slab at depth of 1.5 m

Subsidiary scars

Approximate foot of hillslope,

Broken grass-covered ground
surface on partially mobilized

edge of alluvial terrace
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APPROXIMATE SCALE AT SCAR

EXPLANATION

Ground surface covered by
grass or brush

Dark soil exposed in scar

Light-colored soil and bedrock
exposed in scar, and lesser
light-colored deposits on
floor of scar

Deposits from dark soil

Deposits largely from light-
colored soil

Remnants of slip surface at
base of dark soil

"'+ Area of seepage
Slip surface at toe of slab

Boundary of subsidiary scars

F1GURE 6.35.—Continued
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resulting debris flows were sustained by channels and af-
fected by vegetation in their paths.
The following points summarize the practical informa-
tion gained or confirmed through this analysis.
Timing with respect to rainfall.—Soil slip/debris flows
generally occurred during intense rainfall or within
several hours after intense rainfall. In uncommon cases,
where water concentration was delayed by passage
through bedrock or by hillslope modifications, debris flows
oceurred as much as 22 hours after rainfall ceased.
Susceptible hillslopes.—Although most soil slip/debris
flows originated on slopes of at least 26°, they were com-
monly reported on slopes as gentle as 20°, and one oc-
curred on a slope of 14°. Most soil slips occupied areas
where concavity, break in slope, or geologic contacts could
account for a coneentration of water, but some occurred
in areas without such recognizable features.
Susceptible soils.—Soil slip/debris flows occurred in a
broad range of soils, from noncohesive sandy soils to
moderately plastic soils containing as much as 35 percent
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clay-size particles, but none was documented in highly
plastic clayey soils. At sites where shallow sliding is like-
ly, susceptibility to debris flow can be determined by
steady-state soil testing or estimated from the approx-
imate mobility index (A.M.1.), the ratio of saturated water
content to liquid limit. The same index indicates whether
mobilization is likely to be partial or complete.

Movement preceding mobilization.—Although many
debris flows were preceded by detectable sliding move-
ment at the source area, many others probably mobilized
without preceding macroscopic movement. The likelihood
of detectable antecedent movement at a site can be deter-
mined by using the A.M.I. or steady-state soil testing.

Effect of channels.—Sustained debris flow generally re-
quired a channel, and channels sustained debris flows on
gradients as gentle as several degrees.

Effect of vegetative cover.— Although abundant soil slip/
debris flows occurred in grassland as well as in forest and
brushland, large debris flows resulting from complexes
generally occurred in forest or brushland.
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FIGURE 6.36.—Trail of unchannelized debris flow in grassland near Nicasio, Marin County. Upright clump of sod resting on flattened grass sug-
gests that debris flow slid over ground surface; delicate stems of tall dry grass remain undisturbed by their ride tens of meters downslope.

Photograph by S.L. Reneau.
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ABSTRACT

Debris flows, generally soil slip/debris flows but including soil slip/
debris torrents, were abundant and widespread in Marin County dur-
ing the January 3-5, 1982, storm. We mapped about 4,600 debris flows;
the areal density of soil-slip sources for debris flows was generally less
than 5 per square kilometer but ranged as high as 55 per square kilom-
eter. Most of the debris flows developed in the natural landscape and
were not affected by geologically recent ground modifications. Regional
distribution of soil-slip sources for debris flows was not strongly
associated with the amount of rainfall, but it was associated with steep
slopes (80 percent occurred on slopes steeper than 27.5°, as measured
from contour maps); with granular soil mantle, as mapped using ter-
rain analysis; and with both bedrock contacts and materials that have
strong contrasts in permeability. Within the local landscape, debris flows

were closely associated with drainages; about half of the debris flows
originated in amphitheaters at the heads of first-order drainages, and
most debris-flow trails of significant extent followed drainages. In
selected areas of steep, regular terrain, statistical analysis shows that
debris flows originated preferentially in amphitheaters that contained
scars from previous soil slips, and this preference is explained by the
26 percent of new scars that developed contiguous to preexisting scars.

Temporal distribution of debris flows in the county is associated with
intense rainstorms. Rainfall equivalent to that of the January 1982 storm,
along with a corresponding level of debris-flow activity, can be expected
to recur every 20 to 100+ years in the county. Radiocarbon dating sug-
gests that the recurrence interval of debris flows at sites may range
from less than 33 to more than 1,950 years and that debris flows have
occurred in the county for more than 46,500 years.

INTRODUCTION

Intense and sustained rainfall on January 3-5, 1982,
triggered abundant landslides in Marin County, as well
as in other parts of the San Francisco Bay region. Land-
slides occurred in the county both on natural hillslopes
and on hillslopes modified by grading, and they ranged
from slow-moving earth slides and earth flows to fast-
moving debris flows (see ‘““Introduction’ to this volume
for landslide terminology). These debris flows caused the
three landslide-related fatalities and most of the
$18,464,000 in landslide damage in the county that re-
sulted from the storm (see chap. 11). Thus, the discussion
here is limited to debris flows.

Debris flows triggered by the storm were dominantly
soil slip/debris flows, in which debris flows mobilized from
shallow landslides of the scil mantle. Soil slip/debris flows
ranged from small, isolated events, in which damage oc-
curred within several meters of the soil-slip scar, to large
complexes that involved numerous soil slips along debris-
flow trails hundreds of meters long. Soil slip/debris tor-
rents, recognized near Inverness, formed the end member
of this spectrum of phenomena; originating as soil slips,
they flowed more than a kilometer down major canyons
and impacted populated areas as flood phenomena, far
from landslide sources. These various types and scales of
debris flows are described through case studies in chapter
6. Terms used here to denote earth materials and land-
slide processes are defined in the ‘‘Introduction’ to this
volume.

Our primary purpose is to document the areal distribu-
tion of debris flows that occurred in Marin County during
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the storm and to analyze this distribution by comparing
it with maps of likely causal factors. We also discuss the
temporal distribution, or recurrence, of debris flows in
the county, using case studies that involve radiocarbon
dating.

PREVIOUS WORK

Landslide features throughout most of Marin County
were mapped from aerial photographs at 1:24,000-scale
by Wentworth and Frizzell (1975). This mapping, how-
ever, did not recognize debris flows because it emphasized
the generally slow moving landslides that are large
enough to leave recognizable disruptive patterns in the
topography. These maps were incorporated into landslide
maps of the entire San Francisco Bay region at
1:125,000-scale by Nilsen and cothers (1979).

Phenomena similar to soil slip/debris flows, called
disintegrating soil slips, were previously recognized in the
county by Kesseli (1943). Rice and others (1976) described
several kinds of landslides, including debris flows, during
1:12,000-scale field mapping in the central and south-
eastern parts of the county; the text that accompanies
their map discusses the nature, timing, and distribution
of debris flows.

Detailed mapping at scales of 1:6,000 to 1:8,000 has
documented debris flows within small areas in the north-
ern and western parts of the county (Trautmann, 1976;
J.M. Coyle, unpub. data, 1978; Reid, 1978; Peterson, 1979;
Savina, 1982). That work was directed toward determin-
ing the relations of different types of shallow landslides
to types of bedrock, to types of soil mantle, and to the
topographic form of hillsides as viewed in high-altitude
aerial photographs (Ellen and others, 1979). This detailed
mapping was later used to calibrate a 1:62,500-scale map
that distinguishes areas in the county susceptible to dif-
ferent kinds of shallow landslides, including debris flows
(Ellen and others, 1982).
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AREAL DISTRIBUTION OF DEBRIS FLOWS

Although debris flows were numerous and highly dis-
ruptive during the storm, they directly affected only a
small fraction of the land area in Marin County. As shown
in figure 7.1, most of the county had less than 5 mapped
soil-slip sources for debris flows per square kilometer;
however, much of the county had more than 10 soil slips
per square kilometer, and locally the concentration ex-
ceeded 50 soil slips per square kilometer.

The countywide inventory map on plate 5 (1:62,500
scale) and the quadrangle inventory map of the Hicks
Mountain area on plate 6 (1:24,000 scale) record our
knowledge of the regional distribution of debris flows in
the county that resulted from the storm; plate 5 shows
more than 4,600 debris flows, plate 6 about 1,800. Damag-
ing debris flows are documented in chapter 11. We first
discuss preparation of the inventory maps and then ex-
amine controls on the distribution they document.

METHODS OF INVENTORY

The inventories in plates 5 and 6 were compiled large-
ly by mapping on stereoscopic pairs of vertical aerial
photographs taken about midday on January 6 and 7,
1982, several days after the storm. Most of the county
was inventoried by using 1:20,000-scale photographs, but
the Hicks Mountain area (see pl. 6) was inventoried by
using 1:12,000-scale photographs. Mapping from aerial
photographs was supplemented by field observations
along roads in parts of the county, by field observations
in the eastern part of the county by personnel of the
California Division of Mines and Geology, and by field
observations near Inverness; however, most areas in the
county were surveyed solely by means of the aerial
photographs.

Only landslides that appeared fresh in the photographs
and that mobilized as debris flows are shown in the in-
ventories. These landslides exhibited empty soil-slip scars,
commonly with debris-flow trails leading downslope.
Fresh movement was also evident in many shallow land-
slides that had not mobilized as debris flows, but these
landslides are not shown in the inventories.

Although use of aerial photographs permitted econom-
ical areal coverage, it has two principal limitations: Forest
cover, where present, conceals most debris-flow features;
and shadows present at the time of photography almost
completely conceal debris-flow features. Shadows were
particularly extensive in the photographs because of the
low sun angle in early January; they obscured steep north-
facing hillslopes, and near such hillslopes they concealed
valley bottoms, which hold evidence for debris-flow trails.
Thus, the inventories on plates 5 and 6 are incomplete
in areas of forest cover and shadow. To facilitate proper
use of these maps, areas of woodland cover compiled from
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7.5-minute quadrangle maps are superimposed on the in- | on plates 5 and 6 includes almost all areas where the in-
ventories. Because almost all the areas concealed by | ventories are incomplete. The most likely exception is that
shadow are wooded as well, the woodland cover shown | shadows may locally have concealed steep north-facing
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FIGURE 7.1.—Areal density of soil-slip sources for debris flows in comparison with normalized storm rainfall in Marin County.
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slopes and adjacent valley bottoms shown on the maps
as lacking woodland cover.

The inventories on plates 5 and 6 show two principal
kinds of features left by soil slip/debris flows—the scars
of soil-slip sources for the flows and the trails left by debris
flows; plate 6 in places shows deposits as well. Trails are
shown only where they are long enough to portray at the
map scale. In places, trails are shown without accom-
panying scil-slip scars because these scars are concealed
in the photographs; likewise, scars shown as lacking trails
may be accompanied by trails that are concealed in the
photographs.

CONTROLS ON AREAL DISTRIBUTION

The development of debris flows from soil slips requires
several conditions that serve as likely controls on debris-
flow distribution. These conditions have been explored by
studies in Marin County (Kesseli, 1943; Rice and others,
1976; Trautmann, 1976; Reid, 1978; Ellen and others,
1979; Peterson, 1979) and elsewhere (for example, Camp-
bell, 1975; Hollingsworth and Kovacs, 1981; Smith and
Hart, 1982). The principal requirements at source areas
appear to be steep hillslopes, granular soil,! and the
presence of perched ground-water levels in the soil man-
tle. The low cohesion in granular soil permits the initially
sliding mass to mobilize and flow as a slurry; steep slopes
are necessary for failure of granular soil; and high ground-
water levels in the soil mantle, generally perched on less
permeable bedrock or soil, typically trigger the soil slips
that mobilize as debris flows.

In the analysis that follows, the effect of slope is dis-
cussed directly, but the other two conditions—granular
soil and perched water table—are evaluated indirectly
through terrain form, rainfall, and topographic setting.
Also evaluated is the affinity of soil slips for scars from
previous soil slips, as well as the role of recent natural
and manmade ground modifications. The analysis primar-
ily addresses the distribution of soil-slip scars; the result-
ing debris-flow trails extend more or less predictably down
hillslopes and channels.

Other likely controls on the distribution of soil slips are
not evaluated here. Local variation in rainfall, resulting
from passage of high-intensity rainfall cells, is not dis-
cussed, although it probably affected the distribution of
soil slips in the storm (C.M. Wentworth, written and oral
communs., 1982). The roles of vegetation and slope aspect
are not examined because the inventories in plates 5 and
6 are biased by forest cover and shadow.

IThe term “granular soil,” as used here, means noncohesive to slightly cohesive soil com-
posed dominantly of sand, silt, and rock fragments.
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RAINFALL
By Rosert K. Mazrx

Although the debris flows in Marin County were trig-
gered by rainfall, their distribution in the county shows
little correlation with amounts of rainfall. Several
measures of rainfall were tested against map distribution,
and none showed a good correlation. For example, figure
7.1 illustrates in map form the relation between areal den-
sity of soil slips and normalized storm rainfall, which is
the ratio of total storm rainfall to mean annual precipita-
tion. Normalized storm rainfall should be a useful measure
because it reflects divergence from typical rainfall condi-
tions (see chap. 3; Govi and Sorzana, 1980). Figure 7.1,
however, shows little correlation between soil slips and
normalized storm rainfall; and similar apparent absence
of map correlation is evident for total storm rainfall, total
prestorm rainfall, and normalized prestorm rainfall.

Poor correlation is also evident from graphs of these
data (fig. 7.2). Figure 7.24 compares the areal density of
soil slips, expressed as landslide-density ratio (see chap. 2),
with storm-rainfall and prestorm-rainfall totals. Both
curves show peaks in landslide density, and for rainfall
values exceeding those peaks the decrease in landslide
density indicates that amount of rainfall in itself does not
explain the areal density of soil slips. Similar conclusions
hold for plots of normalized storm and prestorm rainfall
(fig. 7.2B). Thus, Marin County contrasts with the bay
region as a whole (see chaps. 2, 8) by showing a poor cor-
relation with all these measures of rainfall.

Bias in the inventories may explain much of this poor
correlation. Areal density of soil slips is low in areas con-
cealed by forest cover and shadow, and high in the Hicks
Mountain area, where more detailed photographs were
used (pl. 6). If areal densities in unconcealed areas are
compared, however, it is evident that factors in addition
to aggregate amount of rainfall controlled the distribu-
tion of soil slips.

GROUND MODIFICATION

At several places in the inventories, soil-slip scars are
concentrated in parts of the landscape where the ground
configuration has been modified in geologically recent
time by natural processes or human activity. Oversteep-
ened bluffs resulting from coastal erosion appear to be
responsible for the concentration of scars at Tomales
Point (area B-3/4, pl. 5). Abundant scars in area G/H-3
on plate 5 occupy canyon walls steepened by downcutting
of Walker Creek; similarly, stream impingement on
canyon walls appears to be largely responsible for the
groups of scars in area 0-15 on plate 5 and in area D-11
on plate 6. Clusters of scars in area I-2/3 on plate 6 and
in area W-27 on plate 5 occupy scarps or deposits of large
preexisting landslides, places where deep-seated move-
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ment could be expected to leave oversteepened hillslopes.
Finally, cuts, fills, and resulting water concentration along
roads appear to be responsible for groupings of scars, as
in area T/U-25 on plate 5. In most of the landscape,
however, soil slips developed in the absence of such
natural and manmade modifications, under relatively
longterm, steady-state conditions of landscape evolution.

SLOPE

The inventory on plate 6 is combined with a slope map,
for which the areas of each slope interval were generated
by photomechanical means from the contours on
7.5-minute topographic maps. Examination of this plate
indicates that almost all the soil-slip scars lie in areas
mapped as steep slopes. The scars, however, by no means
occupy all steep hillslopes; and in many places scars oc-
cupy other than the steepest parts of an area, as in areas
E-6, 1-5, G-3, and B/C-6. Thus, the relations shown on
plate 6 indicate that steep slope was generally necessary
to initiate debris flows but that other factors must have
influenced debris-flow distribution as well.

Examination of plate 6 shows that most soil-slip scars
lie on slopes shown as steeper than 27° but that many
lie in areas shown as having gentler slopes (to less than
22°). Figure 7.34, a plot of slopes at 202 of the scars
shown on this plate, shows that the debris flows typical
of this sample originated on slopes shown by contour spac-
ing to lie between 27.5° and 37.5°. The cumulative plot
in figure 7.3B shows that 80 percent of the scars lie in
areas shown by contour spacing to be steeper than 27.5°
and that nearly 94 percent lie in areas shown to be steeper
than 22.5°.

Slope values determined from contour spacing, as used
in this analysis, should be regarded only as approxima-
tions to the true slopes. These approximations may be
useful, but work elsewhere suggests that the correlation
can be poor (E.E. Brabb, oral commun., 1983). Measure-
ment of slope from contour spacing has several major
limitations. First, as illustrated on figure 7.4, slopes deter-
mined from contour spacing are, at best, average slopes
over elevation differences equal to the contour interval,
in this case 40 ft. Thus, small steep parts of irregular
hillslopes, as shown on figure 7.4B, are not revealed by
the contours, and soil-slip scars at such places will appear
to occupy the gentler slope shown by the contour spac-
ing. Second, slope information generated from contours
on the 7.5-minute quadrangle maps used in this study re-
tains inaccuracies present in these contours—inaccuracies
that are inevitable both because of forest cover and
because these maps were prepared for less precise uses.
Third, when used to prepare slope maps, the method pro-
duces false slope information where contours double back
on themselves, as in many of the draws and at some of
the ridge crests shown on plate 6.
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MATERIALS, SLOPE, AND WATER CONCENTRATION,
AS DESCRIBED BY TERRAIN MAPPING

A terrain map predicting the regional distribution of
debris flows in most of Marin County had been prepared
before the January 1982 storm (Ellen and others, 1982).
This map formed a major basis for our analysis of areal
distribution, largely because it shows the distributions of
bedrock materials, soil materials, and topographic con-
figurations, all of which probably controlled the distribu-
tion of soil-slip scars. We first describe the terrain map
and its units, and then we examine the relation of soil-
slip secars developed in the storm to these units.

TerraiNn UniTs

The terrain map was prepared by systematically map-
ping differences in the forms of hillsides as viewed stereo-
scopically in small-scale (1:80,000) aerial photographs. The
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topographic forms so distinguished, called terrain units,
were calibrated by detailed (1:8,000-scale) field studies of
bedrock, soil, and landslides (Trautmann, 1976; Reid,
1978; Ellen and others, 1979; Peterson, 1979; Savina,
1982). These studies showed spatial associations between
the various terrain units and types of bedrock, types of
soil mantle, and types of shallow landslides—associations
that were sufficiently consistent to justify extrapolation
of these relations to the entire terrain-map area. The ter-
rain mapping is shown on plates 5 and 6; the terrain units
are listed in table 7.1 and described on plate 5.
Terrain mapping and field calibration were applied only
in that part of Marin County, east of the San Andreas
fault, that is underlain by the highly disrupted and hetero-
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FIGURE 7.3.—Slope of ground surface at 202 soil-slip sources for debris
flows formed during the storm in the Hicks Mountain area of western
Marin County (pl. 6). Slope is measured to nearest 5° from spacing
of 40-ft contours on 1:24,000-scale topographic map. A, Percentage
of soil-slip scars in each slope interval. B, Cumulative percentage of
scars at slopes greater than indicated values.
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geneous bedrock of the Franciscan assemblage. In parts
of the eounty underlain by bedrock other than the Fran-
ciscan assemblage, bedrock and soil mantle are described
on plate 5 by means of the geologic units mapped by Blake
and others (1974).

The terrain units form a continuum that ranges from
steep, sharp-crested, regularly incised (fluted) topography
(see block diagram, pl. 5) to gently sloping, rounded topog-
raphy (table 7.1). The relation between slope and terrain
units is shown on plate 6, where strong associations are
evident in many places, particularly where contrasting
terrain units are juxtaposed, as in area A-4. The range
in topographic form corresponds to a range in composi-
tion and structural condition of the Franciscan bedrock
materials, from highly sheared and mixed rock (melange)
that includes masses of relatively resistant and intact
rock, through varyingly disrupted and sheared rock, to
essentially intact rock masses (fig. 7.5; see Bailey and
others, 1964).

The several terrain units that consist of steep, fluted
topography, called collectively hard terrains, are under-
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FIGURE 7.4.—Schematic downslope cross sections of uniform (A) and
irregular (B) hillslopes, showing relation of actual slopes to average
slope described by contour spacing.
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TABLE 7.1.—Principal terrain units mapped in Marin County

Unit Description

Hard terrains:
Very hard terrain
Rounded, very hard terrain
Hard terrain

Steep, sharp-crested,
angular terrain with
regular, sharply
incised fluting.

Intermediate terrains:
Fluted intermediate terrain
Intermediate terrain
Smooth intermediate terrain

Irregular terrain of
intermediate form.

Soft terrain ~ Gently sloping,

rounded terrain.

lain by intact bedrock (largely sandstone and interbedded
shale) that is mantled by granular soil which fails prin-
cipally as debris flows (fig. 7.54). The gently sloping,
rounded topography, called soft terrain, is underlain by
highly sheared and mixed bedrock materials, including
abundant impermeable clayey sheared rock (fig. 7.5C).
Soft terrain is mantled principally by clayey soil that fails
by slow-moving earth flows and earth slides, although
granular soil exists in many places where blocks of
relatively intact rock are too small to distinguish at the
scale of the terrain mapping (smaller than about 400 m
in maximum dimension).

Topography intermediate between the hard terrains and
soft terrain is mapped as several units that are called col-
lectively intermediate terrains. Bedrock of intermediate
terrains is disrupted but contains less abundant clayey
sheared rock than does soft terrain; thus, it probably
consists dominantly of masses of sandstone or other
resistant rock types, separated by zones of sheared rock
that include impermesable clayey sheared rock (fig. 7.5B).
Soil mantle in intermediate terrains includes granular soil,
clayey soil, and soil of intermediate texture, and this vari-
ety results in various kinds of shallow landslides.

Terrain units are useful to an analysis of the distribu-
tion of debris flows because each such unit represents a
combination of materials and topographic form, which
includes steepness of slope. If we consider the simple com-
bination of steep slope and granular soil as the principal
controls on the distribution of soil-slip scars, then we
would expect most soil slips to occur in hard terrains,
which consist almost entirely of steep slopes with granular
soil. Intermediate terrains should show soil-slip scars, but
scars there should be less abundant than in hard terrains
because steep slopes and granular soils constitute only
parts of intermediate terrains. By similar reasoning, soft
terrain, which is dominated by gentle slopes and clayey
soil, should lack scars except where masses of relatively
intact rock with steep slopes and granular soil are included
because of the map scale. The distribution of debris flows
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EXPLANATION

Impermeable clayey materials in bedrock and soil mantle

Permeable granular soil mantle

Clayey sheared bedrock; orientation indicates direction of
shear foliation

Relatively permeable, fractured, resistant rock, typically
sandstone or greenstone

FIGURE 7.5.—Schematic downslope cross sections of hillsides in hard
(A), intermediate (B), and soft (C) terrains.
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predicted by Ellen and others (1982), which is described
on plate 5, is based on such reasoning, supported by the
mapped distribution of landslide features in the calibra-
tion studies.

DistriBUTION OF ScArRs AMONG TERRAIN UNITS

Plates 5 and 6 show that scars of the soil slips triggered
by the storm generally occupy intermediate and hard ter-
rains, but the relations are far from simple. Soil-slip scars
in such areas as A-4, C-3, D-3, and I-6 on plate 6 are
strongly concentrated in hard terrains. In contrast, broad
forested areas of hard and intermediate terrains, in-
cluding much of the southern part of the county (pl. 5),
show few debris flows. This small areal concentration
generally could be explained by gaps in the inventory that
resulted from forest cover or shadow, but it cannot be
determined whether forest cover simply concealed
features or whether forested areas actually had fewer
debris flows. Field mapping by Davenport (1984) in
forested hard terrains near San Rafael (areas BB/CC-
18/19, pl. 5) shows abundant scars and trails not detected
in our photographic inventory. In contrast, some areas
of hard terrains that are not concealed, as in areas F/G-6
and D-7/8 on plate 6, show few scars. Thus, soil-slip scars
generally coincide with intermediate and hard terrains,
but the distribution of scars within hard terrains is
nonuniform, and so it must have been influenced by fac-
tors other than steep slope and granular soil.

In many places, the inventories reveal unexpected pat-
terns of distribution. Scars in some places are particular-
ly abundant in intermediate terrains, as in areas H-8, D-2,
and I-9 on plate 6; in such areas as BB/CC-19, J-5, 1-6,
T-22, and R/S-11 on plate 5, intermediate terrains show
more scars than nearby unconcealed hard terrains.
Similarly, soft terrain shows abundant scars in places, as
in areas H-3, 1-9, and G/H-10/11 on plate 6. In several
places, as in areas H-11, H-3, H/1-2/3, F-6, G-7, E-2, and
E/F-5 on plate 6 and areas DD-26, EE-26, and X-16/17
on plate 5, scars are conspicuously concentrated along
contacts between terrain units.

These unexpected patterns of distribution have a com-
mon element: They suggest that debris flows during the
storm originated preferentially in places where materials
have strong permeability contrast, which is where ground
water can be concentrated by several means (see chap. 6).
This affinity for permeability contrast is explicit where
scars are concentrated along terrain-unit contacts, re-
flecting contacts between contrasting soil and bedrock
materials. Preferential occurrence of scars in intermediate
rather that hard terrains can likewise be explained by the
material contrasts that characterize intermediate terrains.
Local abundance in soft terrain may arise from similar
material contrasts. This suggestion is supported by the
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inventory on plate 5, which distinguishes scars that lie
along distinct breaks in slope at which gentle slope (re-
flecting impermeable material) lies downslope from
steeper slope (reflecting relatively permeable material);
such scars are especially abundant in soft terrain, as in
areas L/M-9, 0-10, and P-11 on plate 5.

In summary, the distribution of soil-slip scars among
terrain units is consistent with the hypothesis that
granular soil and steep slope are principal controls on the
distribution of scars. Some conspicuous aspects of this
distribution, however, suggest that concentration of
ground water related to contrast in materials favored
development of debris flows in the storm.

DistriBUTION OF Scars WiTHIN TERRAIN UNITS

At a local scale, commonly within a terrain unit, the soil-
slip sears shown in plate 6 show several patterns of
distribution. In such areas as I-6, scars are distributed
more or less evenly on a hillside. In other areas, such as
B/C-6 and F/G-7/8, scars are grouped in clusters; and in
such areas as F/G-4, scars are grouped in linear patterns.
In many places, groupings of scars are related to local
steep slopes in otherwise gently sloping ground, but in
other places, such as areas G-3 and I-5, clusters show little
relation to steep slope.

Contrast in local patterns of distribution is well illus-
trated in area B-9 on plate 6, where hard terrain along
the south side of an east-west-trending canyon shows
scars regularly distributed near each sidehill drainage. On
the north side of the canyon, scars oceur in a linear group,
which is apparently related to the boundary between a
relict erosional surface (unit e) and smooth intermediate
terrain (unit si).

Inspection of plate 6 shows that these different patterns
of distribution, which reflect different controls on soil-slip
failure, are generally related to terrain units. Soft and
intermediate terrains typically show the strongest group-
ings, probably because the susceptible soils and slopes,
as well as permeability contrasts, are distributed as ir-
regular masses and crudely planar zones within these
units. Some clusters in soft terrain appear to be related
to mapped or unmapped masses of resistant rock, as in
areas C-6, H-3, and G/H-10/11; however, other clusters,
as in areas G-3, I-5, and E-4, show little obvious relation
to discernible factors. In hard terrains, scars typically
occur singly in a pattern related to hillside drainages, as
discussed below in the subsection entitled “Local Topo-
graphic Setting.” This distribution reflects the relative-
ly uniform materials and slopes of hard terrains, in that
soil slips appear to be controlled largely by topographic
effects on water concentration rather than by variations
in slope or materials. Locally, however, as in area F/G-4,
hard terrains show a strong linear grouping of scars.
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Scars related to relict erosional surfaces (unit e) typical-
ly lie along the unit margins because unstable conditions
are generally confined to the edges of such surfaces.

Some scars are grouped at the bases of hillslopes that
abut alluvium (whether mapped or unmapped), such as in
areas G/H-3, F/G-3, I-3/4, and I-6 on plate 6. These clusters
probably result largely from ground-water eoncentration
at breaks in slope (see chap. 6).

Svtope AT Scars 1IN DiFrerent TErraIN UniTs

Slopes at soil-slip scars, as measured from the contours
on plate 6, are systematically related to terrain units
(fig. 7.6). Scars in hard terrains show the steepest slopes,
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scars in soft terrain show gentler slopes, and scars in
intermediate terrains show a bimodal distribution of
slopes.

These relations between terrain units and slope at soil-
slip scars could result from differences in true slope at
the scars, or they could arise simply from measurement
of slope by means of contours. Even if actual slopes at
scars were uniform, relations similar to those plotted in
figure 7.6 would result from the averaging effect of the
contours from which these slopes were measured. Thus,
the relatively uniform slopes that accompany the relative-
ly uniform materials of hard terrains would be accurately
reflected in the contours (fig. 7.44). In contrast, the
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irregular slopes that accompany the mixed materials of
soft and intermediate terrains would tend to dilute the
local steep slopes at which failure occurred, and so the
slopes measured in these terrain units would appear to
be gentler than the actual slopes at the scars (fig. 7.4B).

Differences in the true slope of failure can be expected
theoretically from differences in the materials that con-
stitute the terrain units. Relatively gentle slopes of soil-
slip failure can generally be expected either where
granular soil mantle is somewhat clayey, as would be ex-
pected in soft and intermediate terrains, or where con-
centration of water and resulting high pore pressures are
favored by contrasts in permeability or by breaks in slope,
as would be expected in the mixed materials of soft and
intermediate terrains (see chap. 6). Even the small dif-
ferences evident in figure 7.6 between the several hard
terrains are consistent with these explanations. The
relatively gentle slopes of failure in rounded, very hard
terrain are consistent with the relatively clayey soil
mantle of this terrain unit, and the relation shown be-
tween hard and very hard terrain is consistent with the
relatively uniform and clay-free materials of very hard
terrain.

The relations plotted in figure 7.6 probably result from
both true slopes of failure and contour representation of
slope, and the relations between true slopes of failure and
terrain units can be resolved only with a large number
of field-measured or photogrammetrically measured
slopes at soil-slip scars., Without such resolution, however,
the relations in figure 7.6 may still be useful; in com-
parison with the slopes shown in figure 7.3, figure 7.6 pro-
vides a detailed breakdown of the contour-generated
slopes at which debris flows originated in the storm.

LOCAL TOPOGRAPHIC SETTING

Debris flows in the storm typically originated in,
then flowed through, particular topographic settings, or
habitats, within hillside areas. The affinity of debris flows
for certain habitats is shown on plate 6 and figure 7.7 by
the mapped positions of scars and trails on the contour
base. Examination of these maps indicates two principal
associations between local topographic setting and the
features left by debris flows: A large proportion of the
scars lie near the heads of sidehill drainages, and most
trails follow sidehill drainages or canyon bottoms. Local
topographic setting probably influences initial failure
of soil slips principally by concentration of water (see
chap. 6).

DisTRIBUTION OF Scars AMONG Hasirats

To quantify the spatial association between debris flows
in the storm and topographic settings, we distinguished
several principal habitats and subunits; then, using aerial
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photographs, we tallied the habitats occupied by 1,816 soil-
slip scars in and about the Hicks Mountain area shown
on plate 6. The habitats distinguished are illustrated in
the ‘““Explanation” to plate 5, and the principal habitats
are mapped in figure 7.7. Habitats of scars throughout
most of Marin County are shown by symbol on plate 5.

Habitat 1 consists of amphitheaters at the heads of
sidehill draws and first-order drainages, as well as bot-
toms of drainages except where drainages occupy alluvi-
ated valleys (fig. 7.7). Habitat 1A designates the amphi-
theaters; habitat 1B designates zones along the drainages.
A total of 47 percent of the scars tallied lie in the amphi-
theaters that constitute habitat 1A. Only 2 percent of the
scars tallied lie along drainages (habitat 1B), but this
habitat is occupied by most trails and by almost all trails
longer than 100 m (pl. 6). Thus, the small part of the land-
scape represented by habitat 1 includes almost half of the
scars tallied and most of the trails.

Habitat 2 consists of hillsides that lack well-defined
draws and that slope down toward nonalluviated drain-
ages (fig. 7.7). Habitat 2B designates the lowermost edges
of these hillsides, where failure could be affected by under-
cutting along the draw; habitat 2A designates the rest of
such hillsides. A total of 33 percent of the scars tallied
lie in habitat 2A, and 4 percent lie adjacent to drainages
in habitat 2B. Thus, 37 percent of the scars tallied lie on
sideslopes from which material would tend to flow into
nonalluviated drainages.

Habitat 3 consists of hillsides that abut alluviated sur-
faces and that lack well-defined draws (fig. 7.7). These
hillsides may be planar, somewhat concave, or convex. A
total of 13 percent of the scars tallied lie in this habitat.
Debris flows originating in this habitat flowed downslope
toward alluviated surfaces, so they could impact flatland
directly from the hillside; the remaining 87 percent of the
debris flows could impact flatland only from the mouths
of canyons or hillside draws.

All scars tallied could reasonably be assigned to one of
these three habitats. No scars occupied ridge crests, which
constitute the rest of hillside terrain (fig. 7.7), but many
scars lie contiguous to ridge crests.

A separate tally of 107 scars in several selected areas
of hard terrains in the county shows a stronger influence
of habitat 1. A total of 71 percent of these scars lie in
habitat 1, 28 percent in habitat 2, and 1 percent in habitat
3. This tally, in combination with the previous tally, sug-
gests that the affinity of soil-slip scars for habitat 1 was
strongest in hard terrains and that habitat 3 was most
commonly occupied by scars in soft and intermediate
terrains. The dominance of habitat 1 makes this tally
similar to several others: Chapter 10 reports that about
two-thirds of the debris flows studied there originated in
habitat 1; chapter 9 reports that a preponderance of debris
flows originated near the heads of first-order drainages;
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and Reneau and Dietrich (1987, p. 42) reported that 62
percent of the debris flows in an area of hard terrains near
San Rafael in Marin County originated in hollows.

We note that the several habitats are distinguished for
different reasons. We distinguished habitat 1, particularly
habitat 1A, because of its propensity for generating debris
flows. In contrast, habitat 8 was distinguished because
debris flows originating there would not intersect draws
that could channelize, and thus sustain, the flow. In pro-
pensity for debris flow, habitat 2 may differ little from
habitat 3; both habitats may contain the surface and sub-
surface concavities that serve to concentrate water and
promote soil-slip failure (see chap. 6). One such concavity
in habitat 3 is shown in figure 7.7 on the triangular
hillslope between points A and B, although the degree of
concavity here is exaggerated by the contours.
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SCARS AND INDIVIDUAL HABITATS OF
PREVIOUS SOIL SLIPS

By Susan H. Cannon and Bryan M. LancHoLz

Many debris flows in the storm originated near the scars
left by soil slips of past years. In some places, scars that
formed during the storm lie within old scars or contiguous
to old scars; in other places, new scars lie apart from old
scars but within the same individual habitat occupied by
old scars (fig. 7.7). By individual habitat we mean a par-
ticular area on a hillside, in contrast to the group of similar
areas designated as a habitat, such as habitat 1.

To determine whether the presence of old scars in an
individual habitat indicated an increased susceptibility to
debris flows in the storm, we statistically tested for spatial
association between new and old scars within three small
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F1GURE 7.7.—Contour map of hillslopes and an alluvial flat in hard ter-
rain near Three Peaks, showing habitats, soil-slip scars, and trails from
debris flows or hyperconcentrated floods in 1982 storm. Ridge crests
and alluvium (Qal) lack shading and pattern. Soil-slip scars from 1982
storm mapped from aerial photographs by D.M. Peterson and S.H.

Cannon; pre-1982 scars are from Peterson (1979). Points A and B are
discussed in text in subsection entitled ‘“Radiocarbon Site near Three
Peaks.” Base from U.S. Geological Survey, 1:24,000 scale, Point Reyes
NE, 1954 (photorevised 1971).
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areas in the western part of the county. These areas con-
sist of hard terrains where soil slips and debris flows had
been mapped at a scale of 1:8,000 before the January 1982
storm and where previous work had shown the bedrock
and soil mantle to be uniform (S.D. Ellen and J.M. Coyle,
unpub. data, 1978; Reid, 1978; Peterson, 1979). Analysis
is restricted to hard terrains because individual habitats
are most clearly defined there and because the uniform-
ity of materials and topographic configuration in hard
terrains reduces variables other than the presence of old
scars that could influence the initiation of debris flows.

To test for spatial association, we superimposed maps
of the soil-slip scars generated in the January 1982 storm
on maps of old scars and of habitats (fig. 7.7). Maps of
old scars included all scars recognized in the field or on
photographs during previous work; some of these scars
had been dated by using sequential aerial photographs
(Reid, 1978; Peterson, 1979), but most had formed at
unknown times before 1978. New scars, as well as
habitats, were mapped from aerial photographs taken
several days after the storm. The resulting composite
maps, as in figure 7.7, show the spatial association be-
tween new scars, old scars, and individual habitats; each
individual habitat shows either only new scars, only old
scars, new scars with old scars, or no scars. These associa-
tions were tallied on 2x2 contingency tables for each
study area (table 7.2); analysis is restricted to habitat 1.

StaTisTiIcAL METHOD

To determine whether a statistical association exists
between the occurrence of new soil slips in the January
1982 storm and the existence of old soil-slip scars, a
stratified analysis of the odds ratio was used. The odds
ratio, a measure of association between two factors, has
become the measure of choice for analysis of 2x2 con-
tingency tables; its advantages were described by Fleiss
(1973, p. 43-49). For the present purposes, the odds ratio
gives the proportional increase (or decrease) in the odds
of occurrence of new scars, given the existence of old
sears, to the odds that new sears will occur in the absence
of old scars. The odds, probabilities, and odds ratios for
each study area are listed in table 7.2.2

Conditional-maximum-likelihood methods were used for
inference and hypothesis testing based on the odds
ratio, as deseribed by Gart (1971) and Zelen (1971). The
procedure begins with testing of the hypothesis of
homogeneity of the odds ratio, which indicates whether
the proportional relations of new and old scars are similar
for the three study areas. The test consists of determin-
ing whether the odds ratios for each of the three study

#We note that the odds and probabilities of new scars, given no old scars, vary substantially
among the study areas. Thus, combining the tables into one by adding across the study areas
would be inappropriate (Feinburg, 1977, p. 48-51; Breslow and Day, 1980, p. 93-108).
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TABLE 7.2.—Statistical data for recurrence from individual habitats in
three areas
[Numbers in contingency tables are numbers of individual habi=

tats. Expressions in parentheses are given as examples of
how the various values were calculated)

Study area~----- .Barnabe Walker Creek Three Peaks
New scars
° - + - ° -
old + 11 16 + 9 21 + 7 4
scars
- 19 54 = 3 27 = 17 21

Individual habitats with new scars and no old scars

Probability====~ 0.26 [19/(19+54)] 0.10 0.45
0dd g~~—~—~~====== .35 (19/54) .11 77
Individual habitats with new and old scars
Probability-—--- 0.41 [11/(11+16)] 0.30 0.64
Odds—————~=m==== .69 (11/16) <43 1.75
0dds ratip-——=-==~ 1.95 (0.69/0.35) 3.86 2.16

areas are statistically close enough to be considered equal.
If the hypothesis of hemogeneity of the odds ratio is not
rejected, then it may be tested whether an association ex-
ists between the two factors. This further test indicates
whether the presence of old scars is predictive of the oc-
currence of new scars. To reject the null hypothesis of
no association, or to conclude that an association does,
in fact, exist, we test to see whether the odds ratios in
the three study areas, taken together, are greater than
one. If the hypothesis of no association is rejected, then
we conclude that a relation exists between old and new
scars. The estimate of the common odds ratio then gives
a measure of that association.

RESULTS

The test of the hypothesis that the odds ratios for the
three study areas are equal yields a p-value of 0.81; the
hypothesis of homogeneity of the odds ratio is clearly not
rejected. The test of association yields a p-value of 0.009,
indicating that within habitat 1 the existence of old scars
is associated with the presence of new scars.

The estimate of the common odds ratio is a measure of
the association of old and new scars within habitat 1. For
this analysis, the common odds ratio is 2.3, which indicates
that during the January 1982 storm the odds were 2.3
times greater that a new scar would occur in an individual
habitat 1 where an old scar was present than that a new
scar would occur in an empty individual habitat 1.
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Discussion

This analysis indicates that an association clearly ex-
ists between old and new scars, but the nature of this
association is not immediately obvious. If the association
resulted from inherent differences in the susceptibility of
individual habitats, the long-term product would appear
to be an irregular topography with marked contrasts in
the size of flutes and ribs, the result of selective erosion
by debris flows in the susceptible individual habitats. Such
is not the case in the regular and uniform hard terrains
to which this analysis was restricted.

The results of this analysis may indicate short-term dis-
equilibrium at sites of soil-slip scars, rather than long-term
differences in the susceptibility of individual habitats.
From this point of view, the association of old and new
scars might result from increased susceptibility to failure
along the headwalls or sidewalls of preexisting scars. This
possibility is investigated by calculating the excess
number of individual habitats with both old and new scars,
over and above the number predicted (or expected) on the
basis of the probabilities of new landslides in individual
habitats with no old scars (table 7.2). This calculation
(table 7.3) suggests that the excess number of individual
habitats with both old and new scars can be more than
accounted for by individual habitats which contain con-
tiguous old and new scars. Contiguity was determined by
comparison of aerial photographs taken before and after
the storm. In terms of numbers of scars, 26 percent of
the scars that produced debris flows during the storm in
these study areas formed contiguous to preexisting scars;
this proportion holds for the scars in habitat 1, as well
as for the areas as a whole.

Short-term disequilibrium at sites of soil-slip scars sug-
gests that, to some extent, individual habitats may under-
go cycles consisting of a discrete period of colluviation
followed by a period of debris-flow activity. Within such
a cycle, colluviation would oceur until 3 critical thickness
of material accumulated and a storm sufficient to trigger
debris flows occurred. Once debris-flow activity had been
initiated during a cycle, it would continue at times of
extreme rainfall until the accumulated material was
removed; then, a new period of colluviation would begin.
Such cycles, repeated over a long time period and in a
number of individual habitats, could result in the uniform,
regular topography that characterizes hard terrains.

CONCLUSIONS CONCERNING AREAL DISTRIBUTION

Except where influenced by recent ground modification,
the distribution of soil-slip sources for debris flows result-
ing from the storm generally coincides with the mapped
distributions of steep slope and granular soil mantle, but
neither of these factors alone nor their combination as
represented by hard terrains explains some significant

125

aspects of the distribution of soil-slip scars. Variation in
the abundance of scars in hard terrains, concentration of
sears along contacts and in intermediate terrains, local
groupings of sears in clusters and linear patterns, and con-
centration of sears in certain local topographic settings
(habitats) all suggest that concentration of water was the
principal control on distribution of scars within areas with
susceptible slope and soil. Distribution of scars suggests
that water was significantly concentrated both by con-
figuration of the local topography, as described by habi-
tats, and by conditions resulting from contrasts in soil and
(or) bedrock; variation in rainfall had little detectable ef-
fect. Distribution of scars was also influenced significantly
by preexisting scars; statistical analysis shows that new
scars in hard terrains were more than twice as likely in
amphitheaters containing recognizable old scars than in
those lacking old scars, and this bias is explained by the
26 percent of new scars that developed contiguous to
preexisting scars.

DISTRIBUTION OF DEBRIS FLOWS
OVER TIME

In Marin County and elsewhere in the bay region,
almost all the debris flows related to the January 1982
storm occurred during or immediately after intense storm
rainfall (see chap. 3; Smith and Hart, 1982, p. 148). The
principal exception is the event at Hurricane Gulch in
Sausalito, which occurred about 22 hours after rainfall had
ceased (see chap. 6 and case study by Smith and Hart,
1982, p. 148-149). The concurrence of debris torrents near
Inverness suggests that at least some debris flows were
triggered at times of exceptionally intense rainfall dur-
ing the storm (see Inverness area case study, chap. 6).

Rainstorms capable of triggering at least some debris
flows in the county have occurred about every 5 years
(E.W. Hart, oral commun., 1983); in the San Francisco
Bay region as a whole, debris flows have occurred dur-
ing at least 12 winters between 1905 and 1978, and dur-
ing 8 winters between 1961 and 1981 (Smith and Hart,
1982, p. 150). Debris flows as abundant as those in the
1982 storm have occurred less frequently. Before 1982,
the most recent occurrence of abundant debris flows in
the county was in January 1973 (S.J. Rice, oral commun.,
1982), and these debris flows occurred largely in the
southern part of the county. Rainfall-recurrence intervals
for the January 1982 storm at gages in the county (see
table 3.1) suggest that debris flows of the abundance seen
in the January 1982 storm can be expected in the county
every 20 to 100+ years. Rainfall criteria for storms
capable of triggering abundant debris flows in the bay
region are defined in chapter 4, and criteria for abundant
debris flows in Marin County were discussed by Rice and
others (1976).
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TABLE 7.3.—Comparison of excess number of individual habitats that have both old and new scars with
the number of individual habitats that have contiguous old and new scars

[Expected number is given by probability of new scars, given no old scars, times

total number of individual habitats with old scars.

number minus expected number]

Excess number is observed

Expected number
of individual
habitats with

Observed number
of individual

Number of
individual

Excess number
of individual

Study area both old and habitats with habitats with habitats with
new scars if both old and both old and contiguous old
old scars have new scars new scars and new scars
no influence

Barnabe-———————- 11 7

Walker Creek—----
Three Peaks—————
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M
w oo
~ 0

- o
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Long-term frequency of recurrence is addressed by the
following case studies.

RADIOCARBON SITE NEAR THREE PEAKS
(CASE STUDY 6, PLS. 5, 6)

By StepHEN D. ELLEN, Davip M. PeTERsON, and StepHEN W. ROBINSON

A hillside and adjacent alluviated valley near Three
Peaks, in the northwestern part of the county, show
evidence of a succession of debris flows. Soil-slip scars and
debris-flow trails were formed during the January 1982
storm, older scars and trails were present when the area
was mapped by Peterson (1979), and a series of deposits,
which we dated by radiocarbon methods, were left at a
canyon mouth by pre-1978 debris flows. Bedrock underly-
ing the hillside is thin-bedded sandstone and shale of the
Franciscan assemblage; soil mantle is approximately
uniform in texture and is classified as ML-CL in the
Unified Soil Classification System. Figure 7.7 shows the
area and features related to this succession of events.

At point A in figure 7.7, deposits from pre-1982 debris
flows lie on a somewhat irregular alluvial terrace; other
deposits from debris flows are exposed in the bank of the
modern stream channel, which is incised into the terrace
deposits (fig. 7.8). A shallow bulldozed jeep trail crosses
the area between trees tilted by debris-flow deposits unit
df; and trees growing on debris-flow deposits unit dfs,
but this trail does not appear to have significantly affected
the features observed. Units df; and dfz in figures 7.84
and 7.8B clearly postdate the terrace surface on alluvial
deposits unit alg, and unit dfs appears to postdate most
of the section of unit al; exposed in the bank of the
stream channel.

Samples of charcoal fragments from fluvial lenses and
discontinuous beds of medium to coarse sand along two
horizons in deposits of unit alg (figs. 7.84, 7.8C) were

dated. Sample USGS-549 yielded an age of less than 100
years B.P., and sample USGS-550 an age of 230 + 55 years
B.P. Using the precise calibration between radiocarbon
ages and calendar dates by Stuiver (1982), the date for
sample USGS-550 falls in the range A.D. 1610-1810
(140-340 years B.P.), with a most likely date of A.D. 1680
(270 years B.P.). We note that radiocarbon ages on char-
coal in alluvial deposits tend to be older than the age of
deposition (for example, Blong and Gillespie, 1978).

Interpretation of the ages of debris-flow deposits from
these dates is made somewhat uncertain by the discon-
tinuity of fluvial bedding exposed in the streambank, in
combination with the complexity of deposits that can
result from migration of streams across alluviated sur-
faces (Clyde Wahrhaftig, oral commun., 1978), These rela-
tions appear to indicate that all three debris-flow episodes
have occurred since sample USGS-549 was deposited,
within the past 100 years. However, this sample may have
occupied the fill of an undetected channel that, like the
present stream channel, had incised into unit alg. Given
this possibility, sample USGS-550 provides a more reliable
maximum age for the debris-flow episodes because it was
collected lower in the deposits, although this sample, like
sample USGS-549, might be younger than those parts of
the terrace occupied by debris-flow deposits. The evidence
thus suggests an average recurrence interval for debris
flows at this canyon mouth of less than 33 years, more
certainly less than 90 years.

During the January 1982 storm, debris flows occurred
in the canyons above points A and B in figure 7.7, but
there is no evidence that debris flows issued from either
canyon mouth. Features typical of fresh debris-flow trails
were absent in the lowermost reaches of these canyons
at the time of our inspection shortly after the storm. Also
absent near these canyon mouths were fresh deposits that
were poorly sorted like those identified as debris-flow
deposits in figure 7.8; fresh deposits near these canyon
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F1GURE 7.8.—Radiocarbon site near Three Peaks. A, Sketch map of area A in figure 7.7, showing relations between debris-flow deposits, alluvium,
and profiles. B, Schematic cross section along A-A’. C, Profile B-B’ of nearly vertical streambank incised into terrace, showing relations

between debris-flow deposits, alluvium, and radiocarbon samples.
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mouths consisted of sorted and bedded fluvial deposits, | an event as the January 1982 storm was not represented
including much cobble gravel with a matrix of clean to | by debris-flow deposits at these canyon mouths demon-
silty sand. Thus, the debris flows in 1982 must either have | strates that debris flows have reached these canyon
stopped in the upper parts of these canyons or have been | mouths less frequently than rainfall events capable of trig-
diluted in passage downcanyon. The fact that so major | gering abundant debris flows.
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RADIOCARBON SITES NEAR INVERNESS
(CASE STUDY 5, PL. 5)

By Steven L. RENEaU and StepHEN W. RoBINsON

During the January 1982 storm, debris torrents and
other debris flows in canyons on the east side of Inverness
Ridge (see Inverness area case study, chap. 6) eroded
large volumes of material from stream channels and ex-
posed many surficial deposits that contained charcoal and
wood debris. Six samples were chosen from these ex-
posures for radiocarbon dating to explore the timing of
past depositional events along the channels and to
evaluate the usefulness of these deposits for estimating
recurrence intervals for debris flows. The radiocarbon
ages and calendar dates of samples are listed in table 7.4,
and sample locations are shown in figure 6.7.

In small, forested drainage basins, scour by debris flows
can be the dominant erosional process, as discussed by
Swanston and Swanson (1976) and Dietrich and Dunne
(1978). This condition existed in 1982 on Inverness Ridge,
where extensive erosion occurred along the debris-flow
paths, commonly scouring colluvium and sediment to bed-
rock. In contrast, comparable channels unaffected by
debris flows showed little erosion. Significant deposition
during the storm occurred behind logjams left at the
termini of debris flows and on flood plains where debris
flows upstream were a source of sediment. The apparent
relation between major erosion and deposition in these
canyons and debris-flow events provides a means to infer
the timing of particular events by dating these deposits.
The age of discrete depositional units can be used to date
events directly, and the age of material immediately
overlying bedrock provides a minimum age for a pre-
ceding period of scour at that point.

Three of the dated samples were collected from the
north fork of First Valley (pl. 4). An age of 1,950+35
years B.P. (sample USGS-1466) was obtained in the up-
per drainage basin from charcoal in an organic-rich layer
directly overlying granitic bedrock. This layer was buried
beneath 3 m of fairly uniform granitic sand, possibly col-
luvial in origin, that was deeply eroded during the January
1982 storm. The drainage channel there appears to have
been a smooth swale before passage of the debris flow.
An age of 1,215 + 40 years B.P. (sample USGS-1465) was
obtained from charcoal in a similar organic-rich layer
beneath the eroded flood plain of the lower valley. The
sampled layer was overlain by 1 m of granitic sand and
was separated from bedrock by a sand and gravel unit
that pinched out 10 m upstream. An age of 110+ 50 years
B.P. (sample USGS-1513) was obtained from a large wood
fragment within a buried layer of woody debris in the
intermediate part of the canyon. This layer, which was
exposed immediately below the surface of an eroded flood
plain, was similar in appearance to logjams left by the
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TABLE 7.4.—Radiocarbon ages from the Inverness area

{Calibrated dates from Stuiver (1982, p. 1)]

Radiocarbon
Material age
(yr)

Calibrated

Locality dibw

Sample

North fork of Charcoal=-- 1,215440 A.D. 670-920

First Valley. *

USGS-1465

110 B.C.-A.D. 110

USCS-1466 do do 1,950£35

USGS-1467 Valle)o Street 14,720450 —

Canyon.

South fork of A.D. 1260-1380

First Valley.

USGS-1468 g 675440

USGS~1469 do- do »46,500 —

North fork of do=-==-=== After A.D. 1650

First Valley.

UsGs-1513 110450

1982 debris flows. The layer exceeded 1 m in thickness,
with the base unexposed.

Two dated samples were collected from the southern
basin of First Valley (see fig. 6.7), along a small tributary
to the main stream. The lower 150 m of this tributary was
scoured in 1982 by a debris flow originating immediately
below a dirt road, apparently related to road drainage.
For 90 m upstream from its confluence with the main
stream, the tributary flows through a sequence of par-
tially cemented granitic gravel that has an estimated ex-
posed thickness of 15 to 20 m. This sequence contains
layers of sand, woody debris, and buried soils, and includes
a probable debris-flow deposit that consists of clayey sand
containing randomly oriented pieces of wood. A sample
of wood from near the top of the sequence yielded an age
older than 46,500 years B.P. (sample USGS-1469). An age
of 675+ 40 years B.P. (sample USGS-1468) was obtained
from wood in a 0.5-m-thick layer containing decomposed
vegetation and many small sticks, situated 15 m upstream
from the confluence and immediately below a 3- to 4-m-
high waterfall over the gravel sequence. The sampled
layer was deposited unconformably against the gravel,
with the base unexposed, and was overlain by 0.25 m of
granitic sand. These latter units were almost completely
eroded during the January 1982 storm.

The sixth sample was collected from the basin above
Vallejo Street in Inverness Park, a short distance up a
narrow tributary canyon. An age of 14,720 + 50 years B.P.
(sample USGS-1467) was obtained from a large piece of
wood within a blue-gray sandy clay overlying granitic
bedrock. This deposit was exposed by approximately 1 m
of loeal incision.

The dated samples record various events. Two samples
(USGS-1467, USGS-1469) are Pleistocene in age and prob-
ably cannot be used to evaluate the frequency of modern
processes, although this fact was not obvious in the field.
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The youngest dated event is a probable debris flow,
represented by a buried debris layer on the north fork of
First Valley (sample USGS-1513). Because the correla-
tion between radiocarbon ages and calendar dates is im-
precise, a post-A.D. 1650 date is all that can be obtained
for the wood in this deposit. Possible subsequent debris
flows could have passed by without leaving a record, as
in January 1982, and so this date is inferred to represent
a maximum age for the latest debris flow there.

The next youngest sample (sample USGS-1468) is from
a loose deposit of sticks in the southern basin of First
Valley. Because a major debris flow down that tributary
should have eroded this material, the latest major event
there is inferred to predate A.D. 1260-1380. The overly-
ing sand may record a landslide event upstream that did
not send a debris flow past this point.

The sampled layer from the lower flood plain of First
Valley (sample USGS-1645) overlies bedrock and places
a minimum date of latest erosion to bedrock at this point
of A.D. 670-920. Deposition of the overlying sand may
have been related to debris flows from a later storm.

The sample from the upper north fork of First Valley
(sample USGS-1466) places a minimum date on the latest
major erosion there at 110 B.C.-A.D. 110. The drainage
basin above this site is relatively small, and the only debris
flow produced in January 1982 was related to road drain-
age. These observations suggest that the natural frequen-
cy of erosional events in this basin is low and that the date
may indirectly record the latest major debris-flow event
passing this site.

The individual debris flows that were triggered during
the January 1982 storm left varying records of their
passage. Each flow scoured material from its path, but
the efficiency of this process varied greatly along each
debris-flow path and in different drainages, and no debris
flow was completely effective in this erosion. Deposition
by each flow was also sporadic, and the effects of earlier
debris flows probably were equally irregular. The vary-
ing dates obtained show that the material mantling each
canyon bottom should be viewed as a mosaic of different-
age deposits, recording many separate events. The young-
est dated deposit in any canyon places an approximate
maximum limit on the timing of the most recent previous
debris flow. To calculate an average recurrence interval
for debris-flow events in a single canyon or a given area,
a large-enough sample set is needed to include most
events; some events will probably be missed, and so this
method provides, at best, a maximum average recurrence
interval. If the dates cluster around particular times, this
clustering would provide evidence for discrete erosional
periods.

The dated samples from Inverness Ridge do not have
concurrent ages. The disparity in the ages indicates that
the deposits do not record a common storm event and that
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the record is complex. Although a minimum of four events
in the past 2,000 years is shown, the data set is too small
to calculate a meaningful recurrence interval. These four
dates suggest, however, that the mean residence time of
material along these channels is less than 2,000 years. The
two older samples demonstrate local preservation of
Pleistocene deposits, which complicates interpretation of
all the deposits there in relation to the frequency of
modern processes.

CONCLUSIONS CONCERNING DISTRIBUTION
OVER TIME

Almost all the debris flows induced in Marin County by
the January 1982 storm probably occurred during intense
storm rainfall, and concurrence of the debris torrents near
Inverness suggests that at least some events were trig-
gered by periods of exceptionally intense rainfall during
the storm. Rainstorms capable of triggering some debris
flows in the county have occurred about every b years or
so. However, rainfall capable of abundant debris flows,
as in the January 1982 storm, has occurred less frequent-
ly; rainfall-recurrence intervals for this storm suggest that
similar rainfall and, thus, similar levels of debris-flow
activity can be expected every 20 to 100+ years in the
county.

Radiocarbon dating suggests that the recurrence inter-
vals of debris flows at different sites in the county may
range from less than 33 to more than 1,950 years. Dates
from many more sites would be needed to determine a
recurrence interval for abundant debris flows. The earliest
date from Inverness suggests that debris flows have oc-
curred in the county for more than 46,500 years.
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ABSTRACT

Debris flows and other landslides resulting from the January 3-5, 1982,
storm were mapped throughout the San Francisco Bay region from aerial
photographs, with limited field checking. The concentration of debris
flows (number per square kilometer) was measured and contoured. Max-
imum concentrations reached 63 debris flows per square kilometer,
which, though high, is lower than observed from some intense rainstorms
in other parts of the world.

In San Mateo County, we examined factors affecting the distribution
of debris flows, including rainfall, bedrock geology, slope steepness, and
vegetation. Normalized storm rainfall (total storm rainfall divided by

mean annual precipitation) influenced debris-flow distribution more
strongly than did total storm rainfall; areas of high debris-flow concen-
tration showed normalized storm rainfall greater than 0.30. The influence
of bedrock geology on debris-flow incidence was evaluated by a com-
parison of debris flows with bedrock geology, using digitized data bases;
this evaluation correlated with a suggestive geologic indicator of long-
term geomorphic slope-forming processes. Slope steepness determined
from a digital elevation model (DEM) showed that debris flows most
commonly occurred on DEM-derived slopes of 19-22°, below typical field-
measured values. However, when normalized by taking into account the
availability of slopes of different steepness, the DEM slope interval most
densely populated by debris flows was 25° to 29°, more in accord with
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experience elsewhere. Vegetation showed no distinct influence on
regional distribution of debris flows, but in one area logging correlated
with an increase in debris-flow concentration. In Santa Cruz, Contra
Costa, Alameda, Napa, Solano, Sonoma, Lake, and Yolo Counties, we
noted areas of dense debris-flow concentration and related those areas
to high values of normalized storm rainfall.

In addition to describing the regional distribution and factors affect-
ing debris-flow concentration, in this chapter we describe several of the
largest landslides in San Mateo and Santa Cruz Counties to illustrate
the complexity of the landslides that occurred in the storm.

INTRODUCTION

The January 3-5, 1982, storm triggered thousands of
landslides in the San Francisco Bay region (see ‘“Intro-
duction’ to this volume for landslide terminology). Field
reconnaissance after this storm revealed that many slides
transformed into flows, and we use the term “‘debris flow”
for these complex landslides. The distribution of debris
flows within the bay region was irregular; some areas had
dense concentrations (more than 60 debris flows per
square kilometer), whereas other areas were virtually
devoid of debris flows (less than 1 per square kilometer),
We document here the distribution of debris flows
and discuss factors that significantly affected this
distribution.

Few studies have inventoried the debris-flow distribu-
tion resulting from a single storm over a large area, or
quantified debris-flow distribution on a regional basis, and
then assessed the factors that affected this distribution.
In northwestern Italy, Govi and Sorzana (1980) quantified
debris-flow distribution and examined this distribution
with respect to several parameters, including slope,
bedrock lithology, soil type and thickness, and measures
of storm rainfall. In the Kinki District of Japan, Okuda
and others (1979) examined the relations of debris-flow
distribution to geology, geomorphology, and rainfall. In
the Shizuoko Prefecture of Japan, Omura and Nakamura
(1983) related debris-flow distribution to bedrock lithol-
ogy, vegetative land use, and rainfall.

We describe the method, difficulties of preparation, and
limitations of the debris-flow inventory, and describe the
procedure for quantifying the distribution of debris flows.
For areas with a high concentration of debris flows, we
examine the factors that contributed to that concen-
tration.

We also present case studies of seven large landslides
in San Mateo and Santa Cruz Counties for which site in-
vestigation revealed details, such as initial failure condi-
tions or characteristics of movement, that illustrate slope
processes during the storm. For comparative purposes,
the characteristics of large landslides in the storm, in-
cluding volume, degree of slope, and distance of travel,
are tabulated.
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DISTRIBUTION OF DEBRIS FLOWS

PROCEDURE FOR DESCRIBING DISTRIBUTION
AIRPHOTO COVERAGE

The distribution of debris flows was compiled from
interpretation of aerial photographs, in some areas
coupled with aerial and ground-based reconnaissance.
Aerial reconnaissance from fixed-wing aircraft imme-
diately after the storm identified the areas most affected
by debris flows. On the basis of this preliminary evalua-
tion, the U.S. Geological Survey contracted for black-and-
white aerial stereophotography at 1:20,000 scale for the
areas most affected—Marin, San Mateo, and Santa Cruz
Counties. Independently, the U.S. National Aeronautics
and Space Administration (NASA) took false-color infra-
red photography at 1:24,000 scale for selected parts of
the San Franeisco Bay region, including parts of Contra
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Costa County. Both sets of photographs were taken within
a 7-day rain-free period after the storm in early January,
and so none of the fresh-appearing debris flows can be
attributed to rainfall after the storm. However, field
observations in San Mateo County during the weeks
before the storm revealed that a few debris flows had been
triggered by storms during late December (see chap. 5;
R.C. Wilson, written commun., 1982). In the La Honda
study area (see chap. 5), 5 debris flows were triggered
in December, in comparison with 74 triggered by the
January 1982 storm—a difference suggesting that about
6 percent of the fresh debris flows identified from the
January photographs are attributable to previous storms.

Because airphoto coverage was incomplete for some
parts of the bay region, a subsequent series of
1:24,000-scale infrared photographs was commissioned
from NASA and flown during summer 1982. We used
these photographs to map areas not previously covered
in Contra Costa, Alameda, Napa, Solano, Sonoma, Yolo,
and Lake Counties, and to remap areas obscured by
shadow in the January 1982 photography. In steep,
heavily forested canyons, as much as 30 percent of the
inventoried debris flows were detected by using the sum-
mer photography.

Although some landslides and debris flows may have
occurred between the times of the January and summer
1982 photography, our field observations and photointer-
pretation in areas covered by both sets of photographs
indicate that they were few. For example, field observa-
tions after the February 14-15, 1982, storm revealed no
additional debris flows in either the Pleasant Valley area
of Santa Cruz County or the La Honda area of San Mateo
County, both of which had been examined extensively
after abundant debris flows in the January 1982 storm.
This February 1982 storm was the most intense to occur
in the San Francisco Bay region between January 5 and
the time of the summer photography. In the Montara
Mountain area of San Mateo County, only 1 percent of
the debris flows mapped in areas visible in both sets of
photographs are attributable to the period after the
January 1982 storm (C.M. Wentworth, oral commun.,
1985). Considering the small percentages of debris flows
in sample areas shortly before (6 percent) and after (1 per-
cent) the January 1982 storm, the debris flows detected
by photointerpretation represent a generally accurate
distribution from the storm in unforested areas.

In forested areas, however, photointerpretation has
underestimated the abundance of debris flows, as dis-
cussed below. In some aerial photographs, recent debris-
flow deposits could be identified at the mouth of a canyon,
but the sear and (or) track could not be identified because
of tree cover on the hillside. In other photographs, because
of obscuration by trees, the tracks and deposits of debris
flows may extend farther downslope than mapped.
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In addition to the numerous debris flows, we noticed
in the field less common falls, slumps, and translational
slides. These other types of landslides, if small, were dif-
ficult to detect in aerial photographs; thus, some of these
landslides may have been missed, and others may have
been identified as debris flows. However, because relative-
ly few of these other types of landslides occurred during
the storm, the inventory of debris flows is essentially ac-
curate. Landslides other than debris flows are shown to
scale and distinguished from debris flows in the inventory,
but they are not subdivided further by type of movement.
Several such landslides, numbered on plates 8 and 9, are
tabulated and described further below.

We noted several large, slow-moving landslides, specif-
ically earth flows and earth block slides, that began to
move between mid-January and summer 1982. These
subsequent large landslides were not included in the
inventory.

FIELD CHECKING

Fieldwork during 1982 provided a check on the accuracy
of photointerpretative mapping, allowed detection of land-
slides not visible on the airphotos, and permitted in-
vestigation of individual sites. Because of the size of the
study area and the total number of debris flows, field
observations were limited largely to areas with high con-
centrations of debris flows and to areas easily accessible
by roadway.

After reconnaissance of debris flows! from roads, more
thorough examination was undertaken. Officials of parks
and public lands were contacted to determine the extent
of debris flows in the areas under their jurisdiction. Some
of these officials provided rainfall measurements or in-
formation on the times of debris flows or on previous
debris flows. In San Mateo County, field examinations
were conducted in Huddart and Pescadero County Parks,
Butano and Portola State Parks, and on the extensive
public lands administered by the San Francisco Water
Department, in addition to detailed studies that were
carried out in the La Honda study area (see chap. 5). In
Santa Cruz County, field examination was conducted in
Big Basin State Park and in the area of Pleasant Valley.
No field checking was done in the other counties. The ex-
tent of the areas field checked is shown in plate 7.

Field examination generally confirmed the locations of
the debris flows mapped from aerial photographs; how-
ever, we recognized that not all debris flows had been
identified in thickly forested areas. Particularly in parts

t[n this section, we omit further discussion of other types of slope movement, except where
complex movement involved debris flow.
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of northern Santa Cruz County, the number of debris
flows that occurred was greater than identified from
aerial photographs because many of the smaller debris
flows did not disrupt the tree canopy. In Big Basin State
Park, for example, a debris flow 7 to 10 m wide traveled
45 m and destroyed the park’s water-treatment plant
(figs. 8.1, 8.2), but it did not disrupt any trees and was
not recognized in the photographs. In the heavily forested
areas of San Mateo and Santa Cruz Counties (identified
on pl. 7), the distribution shown on plates 8 and 9 repre-
sents a lower bound to the number of debris flows that
actually occurred.

MAP REPRESENTATION

The scar of a typical debris flow is represented sche-
matically on the 1:62,500-scale maps (pls. 8-12) by arcuate
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lines drawn upslope of the more accurately plotted loca-
tion of the track of the debris flow. The widths of the
arcuate scar and the track are not necessarily drawn to
scale; small features are shown at the minimum size
distinguishable on the maps. Thus, the larger debris flows
are shown at approximately true scale; for a smaller flow,
only the location of the track is shown accurately. Large
debris-flow deposits are shown with a dotted pattern for
emphasis, but they do not differ significantly from smaller
debris-flow deposits, except, possibly, in thickness.

Because of their regional scale, the maps on plates 8
through 12 are insufficient to evaluate debris-flow hazards
at individual sites, for which detailed engineering-geologic
mapping at a scale of 1:1,000 or larger is generally
necessary. These maps are sufficient, however, for the
purpose of documenting the regional distribution of debris
flows and evaluating the factors that affected this
distribution.

F16URE 8.1.—View upslope to a small (less than 75 m® volume) debris-flow scar in black organic soil and tan weathered sandstone from which
a slump mobilized into a debris flow. This flow traveled 45 m before hitting the water-treatment plant at Sempervirens Creek in Big Basin
State Park, Santa Cruz County. Scar is about 1 m deep. Note organic debris against base of trees in path at left.
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CONTOURING THE CONCENTRATION OF DEBRIS FLOWS

The inventory of debris flows was quantified by digitiz-
ing the number of debris flows and contouring this
distribution per square kilometer. Isopleth mapping of
landslide deposits was used by Campbell (1973) and
Wright and Nilsen (1974); Okuda and others (1979) and
Govi and Sorzana (1980) applied this technique to depict
abundance of debris flows.

Contours were drawn in increments of 5 debris flows
per square kilometer to represent different debris-flow
concentrations. Areas of less than 5 debris flows per
square kilometer were assigned a sparse concentration
rating, areas of 5 to 20 debris flows per square kilometer
a moderate rating, areas of 20 to 30 debris flows per
square kilometer a dense rating, and areas of more than
30 debris flows per square kilometer a very dense rating.
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FACTORS AFFECTING THE DISTRIBUTION OF
DEBRIS FLOWS IN SAN MATEO COUNTY

RAINFALL

About 50 storm-rainfall measurements were available
from stations in the hilly and mountainous parts of San
Mateo County where debris flows were most abundant
(pl. 7; Mark and others, 1983). Using the measurements
from these stations, we compared rainfall totals with the
concentrations of debris flows. Many areas of moderate
and dense debris-flow concentration lacked nearby
measurements; however, in a few places, measurements
were recorded within such areas or nearby (within 0.8 km
in the same drainage).

When mean storm rainfall was compared for areas with
different debris-flow concentrations, no clear relation was
apparent (table 8.1). Mean storm rainfall was even slightly

FIGURE 8.2.—Water-treatment plant in Big Basin State Park after impact of debris flow shown in figure 8.1. Plant was moved nearly 7 m from
its foundation by debris flow, which was only about 0.6 m thick.
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TABLE 8.1.—Mean storm rainfoll, mean normalized storm rainfall, end
standard deviations for areas of varying debris-flow concentrations
in San Mateo County

[Sample locations: sparse—-rainfall-measurement sta-—
tions were more than 0.8 km from areas of dense
debris—-flow concentration; moderate--rainfall-
measurement stations were within areas; dense—-—
rainfall-measurement stations were less than 0.8 km
from areas; very dense—-rainfall-measurement station
was less than 0.25 km from area. Ry, mean storm
rainfall; No, mean normalized storm rainfall, defined
b? ££=55[§a, where R, is the mean annual precipita-
tion. All measurements from 53 rainfall statioms

shown on plate 7]

Debris—flow R, Sample

. —S . N
concentration (mm) size —s
Sparse——————————-— 214.3453.2 36 0.280£0.069
Moderate——————--— 224.2%47.0 22 +302£0.077
Denge————mmmmmm—— 209.5442.6 14 .31610.079
Very dense-~=———~~~=~ 223 1 .338

higher for areas of moderate concentration than for areas
of dense concentration.

Normalized storm rainfall, which is defined as the storm
total divided by the mean annual precipitation, was also
compared with debris-flow concentration. This measure
might better reflect a storm’s effect on slope stability
because hillslopes must adjust over time to average
rainfall, and the magnitude of departures from average
rainfall can best be compared through normalized storm
rainfall. Using the isohyetal map of Rantz (1971), we com-
puted the normalized storm rainfall at each measurement
station. The group mean of values within and near areas
of different debris-flow concentration revealed the
positive relation between normalized storm rainfall and
debris-flow concentration evident in table 8.1. Though not
obvious on plate &, this statistical analysis indicated that
areas with normalized storm rainfall above 0.30 showed
moderate concentrations of debris flows, and those above
0.32 showed dense concentrationg. Although only one
measurement was near an area of very dense debris-flow
concentration, its 0.34 value is consistent with this
statistical trend. This result is consistent with that of
Mark and Newman (see chap. 2), who found that parts
of the San Francisco Bay region with greater than 0.30
normalized storm rainfall had a significant increase in the
propensity for damaging landsliding.

BEDROCK GEOLOGY

Bedrock geology (from Brabb and Pampeyan, 1983)
appeared to influence the digtribution of debris flows in
San Mateo County. Although almost all the debris flows
observed in the field involved only shallow residual or
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colluvial soils overlying bedrock, the material properties
of these soils, as well as their thicknesses, were influenced
by bedrock geology.

Ranking ofF Desris-FLow Incipence

The effect of bedrock geology was evaluated by com-
paring the abundance of debris flows in different geologic
units. The percentage of debris flows that occurred within
each geologic unit was divided by the percentage of the
county occupied by that geologic unit to give a ratio called
incidence. The incidence was evaluated by using a com-
puter to compare the digitized locations of the 4,571 debris
flows that occurred in the storm in San Mateo County
with the 53 geologic units. On the basis of their incidence
to debris flow, the units were ranked and divided into
groups of high-, medium-, and low-incidence, as listed in
table 8.2.

The group of 10 geologic units of high incidence ac-
counted for more than 50 percent of the debris flows in
the county within less than 20 percent of the area (table
8.2). Within this group, the debris-flow concentration
averaged 10.4 debris flows per square kilometer, well
below the peak values shown on plate 8. The group of units
with medium incidence had more nearly equal percentages
of debris flows (20.6) and area (16). The remaining group
of units of low debris-flow incidence constitute 64 percent
of the county area but accounted for only 27 percent of
the debris flows; concentration averaged less than 1.6
debris flows per square kilometer. The fact that most
debris flows occurred within a group of geologic units
composing less than 20 percent of the area of the county
indicates that bedrock geology strongly influenced debris-
flow distribution.

ComparISON WiTH PREVIOUS LANDSLIDE-SuscepTIBILITY EVALUATION

The ranking of geologic units by debris-flow incidence
shows differences from the ranking of susceptibility to
landsliding in San Mateo County determined by Brabb and
others (1972). Several geologic units of high debris-flow
incidence, notably the unnamed voleanic rocks (KJv), the
granitic rocks of Montara Mountain (Kgr), the Pigeon
Point Formation (Kpp), and the unnamed sandstone unit
of Jurassic or Cretaceous age (KJs), had relatively low
susceptibility to landsliding according to Brabb and others
(1972). This difference arose because ranking of landslide
susceptibility by Brabb and others (1972) was based on
the areal proportions of geologic units that had failed by
landsliding. The areal predominance of large, deep-seated
landslides in San Mateo County (Brabb and Pampeyan,
1972) weighted the assessment toward susceptibility to
large, deep-seated landslides. Areas with many small land-
slides noted by Brabb and Pampeyan (1972) did not
strongly affect their evaluation of landslide susceptibil-
ity because of the small areas involved.
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TABLE 8.2.—Debris-flow incidence in bedrock geologic units of San Mateo County during the January 1982

storm, in decreasing order

[Unit names and map symbols follow nomenclature of Brabb and Pampeyan (1983).

Asterisks denote bedrock units

with assoclated col luvial deposits shown by Brabb (1980) or Brabb and Pampeyan (1983). Incidence for a unit
is ratio of its percentage of debris flows to its percentage of areal extent]

Areal

tant | Debris
Bedrock geologic unit Symbol fxchant n flows Incidence
county (pet)
(pct)
High debris-flow incidence
Unnamed volcanic rocks Kdv 0.01 0.1 11.00
Pomponio Mudstone Member of the Purisima Formaticn-- -—== Tpp* 2.50 7.46 2.98
Granitic rocks of Montara Mountain Kgr* 5.18 15.10 2.91
Purisima Formation, undivided Tp* 5.09 14.29 2.81
San Gregorio Sandstone Member of the Purisima Formation--------- Tpsg .56 1.53 2,73
Pigeon Point Formation Kpp¥ 1.32 3.41 2.58
Unnamed sandstone of Jurassic or Cretaceous age=============-——- KJs¥* 1.07 2.1 2.53
San Lorenzo Formation, undivided Tsl 12 .26 2.17
Unnamed sandstone, shale, and conglomerate of Paleocene age----- Tss* .91 1.95 2.14
Mindego Basalt and related volcanic rocks Tmb 2.80 5.51 1.97
Total 19.56 52.33 —
Medium debris-flow incidence
Lambert Shale and San Lorenzc Formation, undivided--=—s====ee=-= Tis 1.47 2.89 1.96
Lomp ico Sandston Tle .09 A7 1.88
Lobitos Mudstone Member of the Purisima Formation-----=-=---——=s- Tpi* .92 1.64 1.78
Limestone of the Franciscan assemblage fl .09 .13 1.44
Twobar Shale Member of the San lorenzo Formation-------——------- Tst .19 .24 1.26
Tahana Member of the Purisima Formation Tpt* 7.71 g.52 1.23
Tunitas Sandstone Member of the Purisima Formation=====—==-————= Tptu .60 .70 1.7
Sandstone of the Franciscan assemblage~==--—--———-=—-=-========c fs¥ 4.89 5.32 1.09
Total 15,96 20.61 -—-
Low debris=flow incidence
Greenstone of the Franciscan assemblag fg 2.50 2.23 0.89
Vagueros Sandstone Tvg 1.75 1.5t .86
Lambert Shale Tia 4.85 4,16 .86
Colluvium= Qel 2.26 1.79 .79
Butano Sandstcne b 10.61 8.09 «16
Santa Cruz Mudstone Tsc 4.40 3.33 +76
Monterey Formation Tm 1.16 .81 .70
Shale in the Butano Sandston Tbs .03 .02 .67
Santa Margarita Sandstone Tsm .25 .15 .60
Merced Formation QTm 1.95 1.03 5]
Marine-terrace deposits Omt 3.21 1.47 +46
Franciscan assemblage, undivided KJf .46 .15 33
Sand-dune and beach deposits Qs .54 .18 «33
Sheared rock of the Franciscan assemblage tsr 2,42 35 <.15
Rices Mudstone Member of the San Lorenzo Formation==-sececs—=--o Tsr .32 .04 <. 15
Serpentinite sp 1.15 .15 <.15
Coarse-grained alluvial-fan deposits Qyf 2.86 .33 <.15
Coarse-grained older alluvial-fan and stream-terrace deposits=--- Qof 4.10 .46 <.15
Butano(?) Sandstone Tb(?) 2.02 .20 <.15
Colma Formation Qc 2.50 .22 <, 15
Santa Clara Formation QTs 2.14 .18 <.15
Fine=grained younger alluviat-tan deposits Qyfo 2.49 A7 <.15
Artificial fill Qaf 65.19 .04 <.15
Unnamed sedimentary and volcanic rocks: Tuv .01 .00 .0
Marble and hornfels m .01 .00 .0
Basin deposits Qb 1.03 .00 .0
Conglomerate of the Franciscan assemblage feg .01 .00 .0
Metamorphic rocks of the Franciscan assemblag fm +01 .00 +0
Bay mud Om 2.11 .00 .0
Chert of the Franciscan assemblage: te 34 .00 .0
Unnamed shal Ksh .01 .00 .0
Fine-grained older basin and alluvial-fan deposits-------======= (ob 13 .00 .0
Page Mill basalt Tpm .01 .00 .0
uUnnamed sandston Tus «45 .00 .0
Al Luvium: Qal .20 .00 .0
Total|==== 64.48 27.06 ——
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In contrast, the evaluation of debris-flow incidence in
the storm reflects principally the number of debris flows
per square kilometer rather than the area occupied. Thus,
in a geologic unit with a high debris-flow incidence, with
about 10 debris flows per square kilometer, probably less
than 5 percent of the area was occupied by debris flows.
Thus, the evaluation by Brabb and others (1972) reflects
primarily susceptibility of bedrock to large, deep-seated
landsliding, whereas the evaluation here reflects debris-
flow incidence in shallow soils developed over bedrock.

CorrELATION WITH MaPPED CoLLuviaL DerosiTs

Colluvial deposits along valley bottoms or below steep
slopes, as shown on geologic maps (Brabb and Pampeyan,
1983; Brabb, 1980), correlate with many bedrock units
with a medium or high debris-flow incidence in the storm
(table 8.2), whereas mapped colluvial deposits are general-
ly absent over bedrock units with a low debris-flow in-
cidence. This association suggests that the colluvium is
derived from previous debris flows and that the geologic
units with mapped colluvium have been producing debris
flows over a long period.

SLOPE STEEPNESS

The effect of steepness on slope stability has long been
recognized. In particular, the importance of slope steep-
ness for the initiation of debris flows has been documented
in southern California (Campbell, 1975), where debris
flows most commonly originate on slopes of 26° to 45°.
In San Mateo County, onsite measurements of slopes at
which debris flows originated in the January 1982 storm
ranged from 14° to 45° (see chaps. 5, 6, 9).

A digital elevation model (DEM) of San Mateo County
with a 30-m grid spacing was used to determine the effect
of slope steepness on debris-flow distribution. A quadratic
surface was fitted to each set of nine points from the
model, and its steepness assigned to the centerpoint of
the set. By repeating this process for all sets, a file of
digitized slope-steepness values at 30-m spacing was
generated that could then be compared with the digitized
data base of debris-flow-scar locations. The slopes derived
from the DEM are representative of terrain areas with
dimensions of approximately 100 m. They cannot be
directly compared with values measured in the field at
debris-flow scars. Experience shows that generally the
DEM slopes are substantially lower than field-measured
slopes.

The population of slopes within the county, represented
by the first histogram in figure 8.3, shows that gentle
slopes (0°-3°) predominate, moderate slopes (3°-17°) are
common, steep slopes (17°-42°) are progressively less
common, and very steep slopes (42° +) are rare. The fre-
quency of debris-flow-scar locations with slope steepness
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is shown by the second histogram in figure 8.3. The peak
of this second histogram lies at 19°-22°, the DEM-derived
slope steepness where debris flows most frequently in-
itiated. As expected, this range is well below the 26°-45°
range where debris-flow sources are most common in
southern California (Campbell, 1975), well below the
typical values shown in figure 7.3 for part of Marin County
during this storm, and well below typical field-measured
values (fig. 6.16).

The means by which we determined slope steepness
must account for most of the discrepancy. Although deter-
mination of slope from either DEM or topographic con-
tours tends to give lower values than field measurements
(see fig. 7.4), the values cited above for Marin County,
which were determined from topographic contours, are
considerably higher than those reported here for San
Mateo County and more in line with field-measured
values. Thus, the DEM method of slope determination ap-
pears largely responsible for the low San Mateo County
values.

To explore this apparent discrepancy, we normalized
the histogram of the frequency of debris flows in San
Mateo County with respect to the slope population,
dividing by the area of available slopes with different
degrees of steepness. This ratio, shown as a curve in
figure 8.3, indicates that for an equal area of slopes of
different steepness the peak of the debris-flow distribu-
tion shifts to 25°-29°, more in agreement with experience
elsewhere. This shift results from the fact that the tenden-
cy to fail increases as the slope increases, but fewer steep
slopes are available to fail. Above the peak range of
25°-29°, the abundance of debris flows as well as the ratio
decreases, possibly reflecting the inability of debris to
form and remain on steeper slopes.

The correlation of debris flows with slope is affected
by interaction of the geology with geomorphic processes
shaping the terrain. As indicated in our analysis of San
Mateo County, the relatively gentle (19°-22°) DEM-
derived slopes that favored debris flows reflect the paucity
of steep slopes. In Marin County, the peaks of debris-flow
frequency with slope varied between different terrain
units, from a peak of 25° in soft terrain to a peak of 35°
in hard terrains (see fig. 7.6). Inasmuch as geologic units
correlate with terrain units (Ellen and others, 1982), the
range of slope frequency for debris flows within a county
reflects the composite of geologic units in that area.
Therefore, the frequency of debris flows with slope could
vary from area to area, depending on differences in slope
population and geologic units, but the normalized distribu-
tion of debris flows with slope should show a more con-
sistent range of slope values from area to area by
eliminating the effects of differences in slope population.
Remaining differences in slope could reflect differences
in the strength of soil materials or vegetative root mats.
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VEGETATION

The influence of vegetation on the regional distribution
of debris flows in San Mateo County is difficult to assess,
at least in part because geology, rainfall, and slope steep-
ness all influence vegetation, as well as the distribution
of debris flows.

In general, heavily forested areas in southernmost San
Mateo County and along California Highway 35 (Skyline
Boulevard) (pl. 7) generally show sparse debris-flow con-
centration, whereas many grass- and brush-covered
hillslopes, as at San Bruno Mountain, Montara Mountain,
and many areas west of California Highway 35, show
moderate, dense, or very dense debris-flow concentra-
tions. However, this apparent relation may be biased
because debris flows were difficult to detect beneath thick
forest cover.
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Desris-FLow Asunpance on Butano Ribpce

In the southern part of San Mateo County near Butano
Ridge, timber harvesting appears to have affected debris-
flow abundance in the storm. Debris flows were very
densely concentrated in parts of the upper watershed of
Butano Creek. This area had been clearcut between 1953
and 1967, and a small part of the clearcut area subsequent-
ly was selectively logged between 1979 and 1981. In ad-
jacent parts of the Pescadero Creek watershed, which had
been either tractor clearcut between 1925 and 1953 or
selectively logged between 1968 and 1971, notably fewer
debris flows occurred. Similar topography and bedrock
geology in these areas suggest that the difference in abun-
dance of debris flows could be associated with the method
and age of timber harvest, although differences in the
direction and degree of bedding dip, as well as other fac-
tors, could also account for the observed distribution.
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FIGURE 8.3.—Slope steepness at debris-flow sources in San Mateo County, derived from digital elevation model. Histogram 1 shows steepness
of all slopes, whereas histogram 2 shows steepness at debris-flow source areas. Normalized curve of steepness distribution of debris flows

is ratio of histogram 2 to histogram 1.



142

Although data from San Mateo County or other areas
of central California are unavailable, data from forest
lands in the Pacific Northwest indicate a severalfold in-
crease in the abundance of debris flows in clearcut areas
over that in forested areas, and even greater increases
are associated with roads in these areas (Swanson and
others, 1981). Thus, available data suggest that timber
harvest can affect the abundance of debris flows.

According to studies in the Pacific Northwest, the shear
strength of decaying roots generally begins to decrease
markedly within 3 years after cutting and reaches a
minimum some 15 years after cutting (Swanston and
Swanson, 1976). Correspondingly, shallow landsliding and
debris-flow activity noticeably increase beginning after
2 years and continuing as long as 20 years after deforesta-
tion (Wu and Swanston, 1980; Swanson and others, 1981;
Selby, 1982, p. 142). Loss of root strength is not so likely
in San Mateo County, however, because in the Santa Cruz
Mountains of California, part of the native vegetation
(redwood, tanoak, and madrone) resprouts after cutting
and thus tends to maintain root strength. No detailed
studies have been conducted in this part of California to
document the temporal relation of deforestation to slope
stability.

Approximately two-thirds of the abundant debris flows
triggered by the storm in the clearcut parts of the Butano
Creek watershed originated outside of areas selectively
logged in 1979-81. The very dense concentrations of
debris flows in this area may be due largely to the clear-
cutting and road construction some 15 to 29 years earlier.
In the Pescadero Creek watershed, the debris-flow con-
centration was sparse to moderate, possibly because
resprouting and reforestation had strengthened soils
within the 3 to 5 decades after clearcutting. Any in-
ferences concerning the effects of logging on debris-flow
abundance near Butano Ridge are tentative because
detailed site-specific studies are necessary to evaluate the
importance of the many factors affecting debris-flow
initiation.

DISTRIBUTION OF DEBRIS FLOWS ELSEWHERE
IN THE SAN FRANCISCO BAY REGION

We determined debris-flow concentrations from the
digitized inventory of debris flows in Santa Cruz, Contra
Costa, Alameda, Napa, and parts of Solano, Sonoma,
Lake, and Yolo Counties (pls. 9-12). Inspection of aerial
photographs indicated that the concentration dropped off
noticeably to the north into Lake County, to the east
toward the Sacramento Valley in Alameda, Contra Costa,
Solano, and Yolo Counties, and to the south into Santa
Clara and Monterey Counties. Debris flows were observed
but not mapped in the western part of Sonoma County
west of Santa Rosa. These trends in concentration are also
evident in figure 2 (see “Introduction” to this volume);
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TABLE 8.3.—Mean storm rainfall, normalized storm rainfull, and maz-
imum debris-flow concentration for areas of dense to very dense debris-
Sflow concentration

[Ry, mean storm rainfall; N;, normalized storm rainfall; C .,
maximum debris-flow concentration. R, values are the mean
and standard deviation of closest measurements, generally
within 3 km of the area under consideration; where there is
only a single nearby measurement, the value is given without

a standard deviation. N/A, no nearby measurement available]

Area -EB N Ema;zr
(mm) (km™ <)
San Mateo County

Montara Mountain==-===--eeaa————— 218 0.358 51.0
San Bruno Mountain===—=~mr=-—-rn=- 118 «212 23.0

Santa Cruz County
Lompico Creek-Zayante Creek------ 455.2289.3 0.390 32.0
Bean Hill=-Pleasant Valley=-——==== 243,3153.7 342 63.0
Soquel=Branciforte Creek=—-=-—--- 313.5258.7 386 28.0

Contra Costa County
San Pablo Ridge-Wildcat Creek==-=- 225.5143.6 0.386 25.9
Franklin Ridge-Pinole Creek=-=-=~=~ 173.7£23.2 .311 60.0

Solano County

Sulphur Springs Mountain==-====== N/A N/A 43.2
American Canyon=Jameson Canyon--- 201.3%8.5 .360 37.0

the areas of highest debris-flow concentration are listed
in table 8.3.

In Santa Cruz County, debris-flow concentrations show
maximums in the central part of the county. The drainage
of the San Lorenzo River and its tributaries, particularly
the upper watersheds of Newell, Lompico, Bean, Car-
bonera, and Zayante Creeks, had concentrations, as did
the drainages of Soquel and Branciforte Creeks. The
Aptos Creek and Valencia Creek drainages between Bean
Hill and Pleasant Valley had the highest concentrations,
as shown in figure 8.4. The concentration of debris flows
drops off sharply to the southeast toward Freedom and
Chittenden, to the west of Ben Lomond Mountain, and to
the northeast over the crest of the Santa Cruz Mountains.

A detailed study by Coats and others (1982), in a heavily
forested small part of Santa Cruz County, addressed land-
slide distribution and sediment transport after the Janu-
ary 1982 storm. In an inventory of 242 landslides along
roads and streams in the Zayante Creek basin, they col-
lected data on the volume, steepness, material, and type
of slope movement for comparison with bedrock lithology
and other factors that might have affected landslide
distribution. They quantified the sediment contribution
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of landslides within each channel and, dividing by the
length of channel underlain by each bedrock unit, quan-
tified the landslide sediment contributed by each unit.
They examined only the channels of the main subwater-
shed streams (Zayante, Bean, Lompico, Mackenzie, and
Ruins Creeks, and Lockhart and Mount Charlie Gulches);
because sediment contributions from tributaries and
hillsides high in the drainages were not accounted for, the
sediment volumes were minimum estimates. They found
that differences in bedrock alone could not explain the dif-
ferences in landslide distribution.
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In Contra Costa County (pl. 10), debris flows were most
heavily concentrated in the northwestern part of the
county, between San Pablo Ridge and Wildcat Creek, and
between Franklin Ridge and Pinole Creek. In this last
area, concentrations were very dense, reaching a max-
imum of 60 debris flows per square kilometer (table 8.3).
Areas of moderate concentration were in the Berkeley
Hills near Moraga and Lafayette, and in the area on the
south side of Mount Diablo near the Black Hills.

In Alameda County (pl. 11), debris-flow concentration
was sparse to moderate. Only two areas of any appreciable

FIGURE 8.4.—Numerous debris-flow scars and tracks on brush-covered hillslopes above Pleasant Valley, Santa Cruz County. These flows coalesced
into a single flow track that extended through buildings at bottom of view and 0.3 km beyond. Photograph taken March 25, 1983, after
revegetation and grading along valley bottom had obscured main debris-flow track (dashed lines).
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size had a moderate concentration of debris flows. The
area of the San Leandro, Cull, and Crow Creek drainages
to the northeast of Castro Valley, and the area between
Walpert Ridge and Sunol Ridge north of Niles Canyon,
reached comparable maximums in the range of 13-16
debris flows per square kilometer.

In the North Bay area of Napa, Solano, Sonoma, Lake,
and Yolo Counties (pl. 12), debris-flow concentration was
dense in only two localities, in the vicinity of Vallejo—
along Sulphur Springs Mountain and in the American
Canyon-Jameson Canyon area. In other parts of these
counties, debris-flow concentration was sparse to moder-
ate, with no sizable areas of dense concentration.

Although rainfall totals during the storm (see chap. 2;
Mark and others, 1983) varied greatly between the areas
of highest debris-flow concentration, normalized storm
rainfall presented a somewhat more consistent pattern.
Aslisted in table 8.3, debris flows were generally concen-
trated where normalized rainfall exceeded 0.30. This
result is similar to that reported in chapter 2 for an in-
dependent analysis of normalized rainfall versus the loca-
tions of damaging landslides in the storm. The contours
of normalized storm rainfall shown on plates 9 through
12 generally indicate that the areas of densest debris-flow
concentration had values of normalized storm rainfall ex-
ceeding 0.30.

DISCUSSION OF DEBRIS-FLOW CONCENTRATION

The concentrations of debris flows observed in the
January 1982 storm throughout the San Francisco Bay
region were not nearly so high as those resulting from
some intense storms elsewhere throughout the world. In
San Mateo, Santa Cruz, Contra Costa, Alameda, Napa,
Solano, Sonoma, Lake, and Yolo Counties, maximum con-
centrations ranged from 25 to 63 debris flows per square
kilometer (table 8.8); and in Marin County, concentrations
locally reached 55 debris flows per square kilometer (see
chap. 7). In contrast, Okuda and others (1979) reported
more than 100 debris flows per square kilometer in parts
of the Minamiyamashiro region of Japan on August 15,
1953; Omura and Nakamura (1983) reported concentra-
tions as high as 90 debris flows per square kilometer near
Shizuoka, Japan, on September 12, 1982; and Govi and
Sorzana (1980) reported maximum concentrations that
generally ranged from 20 to 50 debris flows per square
kilometer for many storms in northwestern Italy.

Concentration of debris flows—that is, the number of
debris flows per unit area—is not necessarily the best in-
dicator of debris-flow hazard. The cumulative area of
debris flows per unit area (areal ratio) or the volume (in
cubic meters) of debris flows within a unit area may be
a more accurate measure of debris-flow hazard, but these
values are difficult to compile on a regional basis. If the
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size of individual debris flows falls within a narrow range
and if the areal ratio is relatively small (possibly less than
5 percent), then the concentration of debris flows is a good
comparative measure of debris-flow hazard. Investigators
that have evaluated the size distribution of debris flows
in storm events (Govi and Sorzana, 1980; Omura and
Nakamura, 1983; Okuda and others, 1979) found that
most debris flows fall within a fairly narrow range of sizes,
and so these investigators used concentration to compare
storm effects. However, in places where entire slopes
have been denuded by coalescing debris flows (Jones,
1973, p. 25-26), counting individual debris flows may be
impossible, and so the areal ratio would be a better in-
dicator of debris-flow effects. The relatively small areal
ratio depicted on plates 8 through 12 confirms that con-
centration is an appropriate measure for comparing the
debris-flow effects of the January 1982 storm in the San
Francisco Bay region.

Although bedrock lithology, in part through its influence
on soil type and thickness, affected the concentration of
debris flows in San Mateo County, worldwide evidence
of lithologic control on debris flows is far from conclusive.
For example, Govi and Sorzana (1980) found no direct con-
trol by bedrock lithology on debris flows, whereas
Pomeroy (1980) found soils derived from certain clay-rich
stratigraphic units to be more susceptible than soils from
other units. Although the reason for this apparent dispar-
ity is unknown, differences in the characteristics of soils
derived from bedrock are likely to be central to the solu-
tion (see section entitled “Soils Involved,” chap. 6).

A major difficulty in evaluating the factors that in-
fluence the concentration of debris flows in San Mateo
County and elsewhere is the probable interaction among
these factors. Ideally, a multivariate analysis should be
used to detect the individual and combined effects of im-
portant variables. Such analysis for debris flows should
include the following factors: rainfall (prestorm, storm
total, normalized storm total, hourly intensity, and dura-
tion and timing of intense bursts within storms), bedrock
lithology, properties and thickness of soils, vegetation
(root strength and depth of penetration), and slope
steepness and configuration. With new digital techniques
for manipulating spatial information (for example, Sailor
and Berry, 1980), such regional analyses should soon
become more common.

DESCRIPTION OF LARGE LANDSLIDES

Site investigations of particular landslides revealed
details that illustrate slope processes during the storm in
San Mateo and Santa Cruz Counties. The following
descriptions illustrate the complexity and variety of many
of the landslides. This section concludes with a brief men-
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tion of other large landslides in these two counties that
either are described elsewhere or were only briefly ob-
served during reconnaissance. Information on all these
large landslides is compiled in tables 8.4 and 8.5; locations
are numbered on plates 8 and 9.

ELKUS RANCH

About 240 m upslope of the Elkus 4-H Ranch house in
Purisima Canyon, San Mateo County (site 1, pl. 8), a slump
mobilized into a relatively slow moving debris flow. This
debris flow reached the house during the evening of
January 4, piled against it, and flowed around both sides
but did not move the house from its foundation (fig. 8.5).
Two vehicles in the driveway were pushed against the
garage and partly through the walls.
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The hillside where the slump occurred was irregular in
profile, with a pronounced bench immediately upslope
from the slump and a distinct break in slope just down-
slope. The slope of the hillside averaged 20°, but above
and below the bench, slopes were steeper, averaging 30°
to 40° (as measured on a 1:24,000-scale topographic map).
The scarp of the slump exposed colluvium over weathered
silty sandstone of the Purisima Formation. Ground water
issued from the scarp for at least several days after the
failure (fig. 8.6).

On the basis of measurements on 1:20,000-scale aerial
photographs and field reconnaissance, the slump was ap-
proximately 61 m long by 34 m wide, with a maximum
thickness of 15 m. The volume of the slump was about
15,000 m3. About half of the material from the slump
mobilized into the debris flow.

TABLE 8.4.—Large landslides in San Mateo County triggered by the storm

[Average slope is slope at site of initial failure, measured in the field from adjacent slopes or from maps of prefailure topography.
slope and so does not necessarily agree with distance measured on plate 8.

Travel distance is measured along
n.a., not available]

Site Estimated Travel

(pl. Locality Landslide material Dominant type(s) of movement volume Avirage distance Remarks/references

8) (@03 00 (km)

1 Elkus Ranch, Colluvium and weathered Slump/debris flow=======mm=m—mmccmmaae 15 20° 0.27 Near Elkus Ranch house; rate of
Purisima silty sandstone of the movement was observed to be only
Canyon. Purisima Formation, about a meter per minute, slow

undivided. for a debris flow. Flow carried
and pushed two vehicles into
walls of house. Flow split and
moved around both sides of house
but did not move house from
foundation.

2 - Grant Road, Angular gravelly-sand Translational slides coalescing 8.6 14° 76 Gentlest measured slope to gene=
Moss Beach. colluvium derived from into a single debris-flow track. rate a debris flow in the storm.

the granitic rocks of Piping probably influenced fail=-

Montara Mountain. ure; subsequent erosion incised
source and track of debris flow.
Average slope measured by C.M.
Wentworth (oral commun., 1985).

3 Fall Creek, Clayey=-sand colluvium on Translational debris slides, at n.a. 34°=40° n.a. Channel exhibited evidence of de-
Pescadero steep hillsides; large least nine of which coalesced bris flows and hyperconcentrated
County Park. boulders, gravel, sand, into two debris-flow tracks in streamflow in different reaches

and logs scoured from upper tributaries of Fall Creek. over 3.5-km length. Blocking of

channel. Deposit at Hyperconcentrated streamflow culvert embankment where Old

mouth of Pescadero Creek occurred in middle of drainage; Haul Road crosses Fall Creek

consisted of silty sand in lower part, a debris flow created small pond before em—

containing abundant logs traveled to near mouth of bankment failed. Area where de-

and other organic debris. Pescadero Creek. bris slides initiated in upper
part of drainage had been trac-
tor clearcut logged in 1968-69
(Jeffrey Peters, written commun.,
1982).

4 Oddstad Colluvium of dark-brown Translational slide(s)/debris 2.3 26° +20 Evidence indicates possibly three
Boulevard, clayey-silty sand and avalanche. separate events, but time between
Pacifica. gravel, overlain by very events could have been so short

dark gray to grayish- as to appear as one continuous

brown clayey-sand top-~ event. Maximum rate of movement

soil; bedrock not exposed probably exceeded 10 m/s. The

in scarp. fast-moving flow destroyed two
houses and killed three children
at approximately 11:10 p.m.
P.s.t. January 4, 1982 (see
chap. 9).

5 Mindego Creek, Bedrock mapped as the Translational soil, debris, and 50-135 1198 47 Site was observed only from light

near Tahana Member of the

La Honda. Purisima Formationj very
fine sandstone and silt=~
stone, and some silty
mudstone (Brabb and
Pampeyan, 1983).

rock(?) slides/debris flow.

airplane, and so these are only
approximate estimates from low-
altitude aerial photographs and
measurements from 1:20,000~
scale aerial photographs and
1:24,000-scale topographic maps.
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TABLE 8.5.—Large landslides in Santa Cruz County triggered by the storm BN

[Average slope is slope at site of initial failure, measured in the field from adjacent slopes or from maps of prefailure topography.
slope and so does not necessarily agree with distance measured on plate 9.

Travel distance is measured along
n.a., not available]

Site . Estimated AreraEe Travel
(pl. Locality Landslide material Dominant type(s) of movement volume distance Remarks/references
9) (103 m3)  slope (km)
6 Whitehouse Creek, Colluvium and fractured Slump/debris flow=======—m=cme—aaaaaa 120-175 29°=-31° 0.69 One of the largest debris flows in
north flank of bedrock of the Santa Cruz the storm. Debris flow mobilized
Chalk Mountain. Mudstone exposed in main where slumps slid over springs.
scarp. Near terminus of flow, several
cabins were destroyed by toppled
trees or inundation by debris
(D.K. Keefer, written commun.,
1985).
7 Canham Road and Colluvium, weathered Santa Soil and rock slumps coalescing l16.8, 27°-36° 245 Nine landslides at this site gene=
Carbonera Cruz Mudstone, and Santa into a single debris-flow 9.23 rated four nearly simultaneous
Creek, Scotts Margarita Sandstone. track. 28.1 debris-flow pulses that traveled
Valley. down Bethany Drive between 7:00
and 7:15 p.m. P.s.t. January 4,
1982. Two boys walking on
Bethany Drive were swept into
the flow; one was later thrown
clear of the flow, and the other
drowned in Carbonera Creek (Niel-
son, 1984).
8 Alba Road and Colluvium and weathered Slump/debris flow============cc=aae-a 6.8 30°-31° .20 Very rapid movement took place be-
California silty sandstone and silt- tween 7:30 and 8:00 p.m. P.s.t.
Highway 9, stone of the Monterey January 4, 1982, preceded for
Ben Lomond. Formation. several hours by development and
enlargement of cracks. The land-
slide destroyed five structures
and damaged six; no one was in-
jured (Mark Foxx, written com=
mun., 1982).
9 Creekwood Drive, Colluvium containing Translational slide/debris .6 35°=47° 2,20 Slide on very steep slopes gene-
Lompico. weathered shale and avalanche. rated a very rapidly moving de-
siltstone fragments de- bris flow. (Mark Foxx, written
rived from the Monterey commun., 1982).
Formation.
10 Love Creek, near Mixture of colluvium and Block slide, which triggered 460 25°-32" 3.06- Largest and most disastrous land-
Ben Lomond. rock debris derived from several smaller debris flows. 0.15 slide in the storm. Catastrophic
sandstone and shale of failure of the dip slope occurred
the Monterey Formation. at approximately 1 a.m. P.s.t.
Bedrock exposed along January 5, 1982, and was extreme-~
basal surface. ly rapid. Landslide buried 9
homes and killed 10 people. In-
formation from Cotton and Coch-=
rane (1982).
11 Newell Creek, Similar to Love Creek (see Block slide 72-268 33° <05 Landslide caused no damage to
near Ben site 10). structures. Information from
Lomond. Cotton and Cochrane (1982) and
D.G. Herd (written commun.,
1982).
12 Ao Nuevo Creek, Bedrock, mapped as the Slump/debris flow~—===~=~=~—====~a=-- 150-190 26°-30° .78 One of the largest debris flows in

Santa Cruz Mudstone
(Brabb, 1970).

south flank of
Chalk Mountain.

the storm. Site was observed
only from light airplane, and so
estimates here are crude, based
on low-altitude photographs,
1:20,000-scale aerial photo-~
graphs, and 1:24,000~scale topo=~
graphic maps.

lVolume of two largest individual slumps and total volume of nine slumps, respectively.
2Because debris-flow runout into major streams was not traced, this travel distance is a minimum.
Range of distances from scarp to landslide mass, suggesting that different parts of slide moved different distances.

Beyond the toe of the slump, the flow traveled a sinuous
path for about 200 m on a slope of about 13° until it
reached the house. A steep debris-flow front, as much as
2.4 m high, alerted the occupants by slowly pushing
against the garage door. The debris piled up against the
house to the level of the eaves without pushing the house
from its foundation, as this debris-flow front came to rest.
Near the house, the rate of movement was observed to
be only about 1 m/min—a slow rate for a debris flow. The
flow then split and flowed around the house as two lobes
that traveled a short distance and formed distinct toes.

The distance from the scarp of the slump to the toes of
the lobes was about 0.27 km.

A sample of the material in the flow from near the toe
of the slump is a silty sand composed of 14 weight per-
cent clay finer than 2 ym. Two samples from near the
terminus of the flow were of silt containing 14 to 19
weight percent clay. One other sample from the terminus
was a silty-gravelly sand containing only 8 weight per-
cent clay (see table 6.1 for results of grain-size analyses).
On the basis of these four samples, the material in the
flow appeared to be heterogeneous, including both fine
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and coarse materials. Steep, high flow fronts, which in-
dicate significant cohesive strength in a flow, suggest a
predominately fine grained material.

GRANT ROAD

About 300 m upcanyon from Grant Road, north of Moss
Beach in San Mateo County (site 2, pl. 8), two debris flows
from translational slides coalesced into a single debris-
flow track that extended about 0.76 km. For much of this
distance the track followed a street and an existing gully.
The flow left a broad, thin deposit on nearly flat slopes.

The principal slide initiated in a swale on brush-covered
slopes of about 14°; thus, this was the gentlest measured
slope to generate a debris flow in the storm (fig. 8.7). The
material from both slides mobilized entirely. The combined
volume of the empty scars was crudely estimated at about
8,600 m3. The scarp and the base of the slide exposed
crumbly, angular, gravelly-sand colluvium. Where subse-
quent erosion incised the slide scar, creating a badlands
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topography, weathered granitic rocks of Montara Moun-
tain were exposed. Pipes were observed in association
with the scar, and closed pipes could locally have increased
pore-water pressures and permitted failure on such a
gentle slope.

FALL CREEK

Debris slides, debris flows, and hyperconcentrated
streamflows disrupted the Fall Creek drainage in Pesca-
dero Creek County Park, San Mateo County (site 3, pl. 8).
The steep upper part of the 1.3-kmZarea Fall Creek
drainage was tractor clearcut logged during 1968-69; the
middle and lower parts were logged during 1940 and 1941
(Jeffrey Peters, written commun., 1982). Major features
of this site are illustrated in figure 8.8.

Nine debris slides that initiated near skid tracks, roads,
or pads left from logging were noted in aerial photographs
in the steep upper part of the drainage. Slopes in this area
averaged 34° to 40°, as measured on a 1:24,000-scale

FIGURE 8.5.—Debris flow against house at the Elkus 4-H Ranch, San Mateo County. Near the house, occupants observed the debris flow moving
about 1 m/min.
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topographic map. These debris slides, as well as slumps
noted in the channel banks during field examination, con-
tributed large amounts of sediment to two major debris-
flow tracks in the two main tributaries of the drainage.
These debris-flow tracks joined at point A in figure 8.8.
The flows continued downstream (fig. 8.9) until stopped
in a massive blockage of logs, boulders, and finer sedi-
ment where the stream gradient flattened.

Below this blockage, in the middle of the drainage,
debris-flow effects were noticeably absent, although high-
water-line marks and extensive removal of loose material
from the channel attest to high floodflows (or hyper-
concentrated streamflows). Deposition of sediment in this
section of the drainage was minimal, except for a few
large boulders that evidently could no longer be carried
along by the streamflow.

In the lower part of the drainage, where Old Haul Road
crosses Fall Creek, a small lake formed during the storm,
apparently because a 0.91-m-diameter steel culvert was
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plugged with debris. High strandlines from the lake,
marked by leaves and twigs, indicated that the lake was
approximately 225 m? in area and as much as 1.2 m deep.
The 275-m3-volume embankment gave way, mixed with
the water behind it, and flowed rapidly as a debris flow
down the narrow gorge in the lower part of Fall Creek.
A thin veneer of deposit on the channel sides indicated
that, at one downstream location, the debris flow was 3 to
5 m deep and 11 to 12 m wide. Much debris, including
large redwoods, previously cut and discarded logs, and
loose sediment and colluvium from the channel sides and
bottom, was scoured and incorporated into the flow.
Bedrock was exposed in many places, and the appearance
of Tip-Toe Falls was changed appreciably by this scour-
ing, according to park personnel.

This debris flow in the lower part of the drainage came
to rest behind a massive logjam where Fall Creek emerges
from its narrow gorge onto a wide, flat plain near the con-

fluence with Pescadero Creek. Logs backed up against
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FIGURE 8.6.—Slump at source of debris flow at Elkus 4-H Ranch several days after failure. Abundant subsurface water was issuing from this
scarp. Note man (circled) in left center for scale.
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a stand of redwoods in the center of the plain. The log-
jam was 18 m wide and blocked about 3,000 m? of sedi-
ment, 0.5 to 0.85 m thick.

Though not examined in detail, several other small
drainages in Pescadero Creek County Park had debris
flows and (or) hyperconcentrated floods that were com-
parable in scale and caused similar effects. Because of the
absence of development and the remote location of Fall
Creek and these other tributaries of Pescadero Creek,
there was no known damage to structures and only minor
damage to secondary roads.

WHITEHOUSE CREEK

The complex landslide in Whitehouse Creek, Santa Cruz
County, initiated as several slumps near the crest of the
north flank of Chalk Mountain (site 6, pl. 9) and mobil-
ized into a debris flow that traveled northward down an
existing draw to near the confluence with Whitehouse
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Creek. Pertinent features of this landslide are shown in
the sketch map in figure 8.10. The distance from the
crown of the uppermost slump to the end of the debris-
flow deposit is nearly 0.70 km. The main scarp, which is
inclined at 45°, about 50 m high, and 50 to 60 m wide,
exposes colluvium and bedrock composed of Santa Cruz
Mudstone. Depending on assumptions of landslide geom-
etry, the volume of material involved in slumping ranged
from 120,000 to 175,000 m? (fig. 8.11).

Within the area of slumping, several springs were
observed; below these springs, the slide material mobilized
into a debris flow. For about 250 m below the springs,
the debris flow scoured a channel, exposing bedrock in
places. The width of the flow here was about 20 m, and
the height of flow indicated by lateral levees generally
ranged from 5 to 7 m, with a maximum height of 10 m.
The presence of at least three pairs of levees in this
scoured section below the springs indicates several pulses
of debris flow.

FIGURE 8.7.—Source area and beginning of track of debris flow near Grant Road, Moss Beach, San Mateo County. Light-colored sandy debris
(arrows) above walls of gully incised into debris-flow track indicates original level of flow.
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FIGURE 8.8.—Features related to slides, flows, and hyper-
concentrated floods in Fall Creek drainage, San Mateo
County. Two major debris-flow tracks joimed at point A.
Topographic base modified from map of Pescadero Creek
by San Mateo County Department of Public Works.

Below this scoured section, the debris flow widened to
about 60 m and continued for 180 m on slopes of 14° to
16°. About 80 m past a distinct break in slope, a blockage
formed, some 50 m wide, as the fallen timber carried by
the flow became lodged against a stand of redwoods.
Behind this blockage, subsequent flow was deflected to
the east, where it continued another 200 m on slopes of
10°. The flow traveled a total distance of about 0.6 km
from the springs before terminating short of Whitehouse
Creek.

Several houses were destroyed, mainly by trees toppled
by the debris flow. One house was inundated with debris-
flow material (fig. 8.12), and a tree fell through its roof.
Only one house near the flow was occupied at the time;
the people escaped when they saw their neighbor’s house
being carried along by the flow.

The description of this site is based primarily on descrip-
tions and field notes by David K. Keefer (written com-
mun., 1985).

FIGURE 8.9.—Debris-flow track lined with fallen trees, boulders, and
sediment in channel along upper part of Fall Creek, San Mateo County.
Slump with rotated trees is visible in lower left. Standing trees along
the track are about 15 m high. Photograph by Jeffrey Peters.
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CANHAM ROAD

In northeastern Scotts Valley, Santa Cruz County (site
7, pl. 9), several slides on steep slopes above a small valley
mobilized as debris flows that crossed an old apple orchard
and coalesced in a narrow canyon. Two boys walking
along a road in the canyon were picked up by a flow; one
boy was thrown clear of the flow and survived, but the
other was carried away and eventually drowned in Car-
bonera Creek.

An eyewitness observed the series of events between
7:00 and 7:15 p.m. P.s.t. January 4 at Bethany Drive, part-
way down the canyon. The first of four debris-flow pulses
traveled down the canyon shortly before 7:00 p.m. This
first pulse was mostly of black, highly fluid mud. Shortly
thereafter, a massive wall of rock, mud, and water, about
2.1 m high, flowed by very rapidly, carrying blocks of rock
“half as big as a car.” Two smaller pulses of rock and mud
followed this main flow mass.

The debris flows continued to the confluence with
Carbonera Creek; beyond that point, the flows were not
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traced. However, if the flows entered Carbonera Creek
during the storm, it is unlikely that they traveled far
before being significantly diluted by floodwaters. The
distance from the source area of the flows to the con-
fluence with Carbonera Creek is about 0.45 km.

Nine landslide scars were found in the source area,
where the brush-covered slopes ranged from 27° to 36°
in steepness. A site map of this area is shown in figure
8.13. The two largest landslides were both about 7.7 m
deep and mobilized 9,200 and 16,800 m3 of material,
mostly bedrock composed of Santa Cruz Mudstone and
a minor amount of colluvium. Six other shallow landslides
of soil, less than 2.5 m deep, contributed another
2,150 m3 to the flows (fig. 8.14). At the south end of the
valley, a shallow sand flow from outcrops of Santa
Margarita Sandstone added to the total volume of flow.

These debris flows occurred during an intense part of
the storm, as indicated by average intensity values of 24.9
mm/h (0.98 in/h) measured between 4:00 and 8:00 p.m.
January 4 about 120 m east of the source area along
Canham Road (fig. 8.15). This was the highest average

FIGURE 8.11.—Slump/debris flow from north flank of Chalk Mountain toward Whitehouse Creek. This was one of the largest debris flows in
the storm; it traveled nearly 0.7 km. Cabins at lower left show scale.
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intensity measured at this site during the storm. The
timing of the debris flows and the prolonged high average
rainfall intensities can be compared with those at the other
sites where continuous rainfall measurements are avail-
able (see chap. 3).

The description of this site is based on field examina-
tion and documentation by Nielsen (1984).

ALBA ROAD

Between 7:30 and 8:00 p.m. P.s.t. January 4, a slump
from above Alba Road, near Ben Lomond, Santa Cruz
County (site 8, pl. 9), mobilized as a debris flow that
traveled nearly 0.20 km to California Highway 9. This
debris flow totally destroyed one house and four cabins,
and substantially damaged another house, two other
cabins, a preschool, and two utility buildings. A site map
of this area is shown in figure 8.16.

At about 3:00 p.m., a crack was noticed on Alba Road;
by 4:30 p.m., this crack had developed a 0.15- to 0.25-m
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vertical offset, making vehicular crossing difficult. A
plugged culvert drop inlet directed water into a ditch
alongside the road; this ditch overflowed across Alba Road
in the vicinity of the slide (fig. 8.16). Approximately 10
minutes before the debris flow initiated, a loud crack was
heard that sounded like a tree crashing to the ground. The
debris flow moved rapidly and with considerable force,
crushing several structures, tearing sections from struec-
tures on the edge of the flow path, and carrying struc-
tures as far as 30 m. However, there was little turbulence
in the flow; most of the pieces of pavement from Alba
Road stayed on the surface during transport of more than
100 m. Where these pieces came to rest, their distribu-
tion was arcuate, reflecting a displacement profile that
was smallest along the edges of flow and largest in the
center.

The hillslope that failed was almost planar, without
major gullies; it was vegetated with redwood, pine, tan
oak, and madrone. Slopes in the vicinity of the slump
measured 30° to 31°. During previous storms, the hillside

FiGurE 8.12.—Cabin inundated by debris flow near Whitehouse Creek (fig. 8.11) to a depth of 1.2 to 2.4 m (see fig. 8.10 for location). Note
track of debris flow and blockage by fallen timber in background.
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was reported to produce little runoff. This particularly in-
tense storm, however, in combination with the preceding
rainfall, generated overland flow.

The slump above Alba Road measured about 30 m wide
by 55 m long and had a maximum thickness of 6.4 m. The
slump involved a total of about 6,800 m? of material, most
of which mobilized into the debris flow. Rotational move-
ment was indicated by fallen trees oriented with their tops
in an uphill direction.

Massive silty sandstone of the Monterey Formation was
exposed in the slickensided basal shear surface of the
slump. Bedding in siltstone exposed in the scar was some-
what irregular, varying in dip from 26° to 45° in a
generally eastward direction. The downslope component
of dip was at some localities less than the slope gradient,
providing a dip slope conducive to sliding (fig. 8.16). A
thin layer of highly plastic clay was found in places im-
mediately over bedrock. The main scarp and flanks of the
slump exposed colluvium, as much as 4.5 m thick, of
saturated and moderately plastic, clayey soil containing
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weathered siltstone fragments as large as 45 em in max-
imum dimension. A silty-clay-loam topsoil, 20 to 25 cm
thick, mantled the colluvium.

Intense rainfall measured in nearby Ben Lomond was
continuous through the afternoon and into the evening
before the debris flow (fig. 8.17). Hourly measurements
indicate intensities of 15.2 to 22.4 mm/h (0.60-0.88 in/h)
between 4:00 and 8:00 p.m. This prolonged intense rain-
fall, which resulted in saturated ground conditions, in com-
bination with crack opening, provided access for water
that facilitated further failure and the resulting debris
flow.

The description of this site is based on field examina-
tion and documentation by Mark Foxx (written commun.,
1982).

CREEKWOOD DRIVE

At about 1:10 p.m. P.s.t. on January 4, a debris flow
mobilized from a slide below Lake Boulevard, near the

FIGURE 8.14.—Slides at Canham Road that generated debris flows which coalesced into a single debris-flow track in a narrow canyon (out of
view) and eventually flowed into Carbonera Creek, Santa Cruz County. Houses at far right show scale.
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town of Lompico, Santa Cruz County (site 9, pl. 9). This
debris flow traveled rapidly down a long, narrow drain-
age, crossed Creekwood Drive, and flowed into Lompico
Creek, a distance of about 0.2 km. The flow destroyed or
damaged several houses in its path by toppling trees onto
them, battering them with fast-moving debris, or piling
debris against them until they collapsed. A site map of
this area is shown in figure 8.18.

The landslide initiated just below Lake Boulevard on
a slope ranging in steepness from 85° to 47°, forested
with secondary-growth redwood, oak, and madrone, as
well as brush. A gentle swale, gullied before the January
1982 storm, is in the vicinity of the slide. During the
storm, surface runoff from Lake Boulevard was flowing
over the slide area.

Eyewitness reports indicate that for 1 or 2 hours before
the slope failed, rocks as large as 15 cm had been rolling
down the slope. Failure was rapidly followed by a debris
flow. The scar left by the slide measured approximately
10 m wide, 35 m long, and as much as 4.3 m deep; its
volume of approximately 625 m?® almost entirely mobil-
ized as a debris flow. Siltstone of the Monterey Forma-
tion is exposed at the base of the slide sear; colluvium
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containing fragments of weathered shale and siltstone,
as large as 30 cm, is exposed in its flanks and main scarp.
A 10- to 20-em-thick topsoil of silty-clayey loam mantles
the colluvium.

Between the initial slide and Creekwood Drive, the
debris flow widened to as much as 21 m. An eyewitness
described the flow as initially moving as fast as a fright-
ened man can run at full speed downhill (possibly about
7.6 m/s) and therefore could be called a debris avalanche
on the basis of its velocity. The material in the flow had
a consistency of stiff, wet concrete, and surface waves
were visible on the flow as it moved downslope. Below
Creekwood Drive, the flow widened and bifurcated on
slopes ranging from 10° to 15°. Both flow lobes reached
Lompico Creek, adding debris to the creek, which was in
flood stage.

The description of this site is based on field examina-
tion and documentation by Mark Foxx (written commun.,
1982).

OTHER LARGE LANDSLIDES

Several other large landslides were investigated by
others and are reported elsewhere, or were observed only
in reconnaissance. Tables 8.4 and 8.5 list data on large
landslides, including those described above, triggered by
the storm in San Mateo and Santa Cruz Counties.

Primary among the other large landslides was the block
slide at Love Creek (fig. 8.19) near Ben Lomond in Santa
Cruz County (site 10, pl. 9), which was described by Cotton
and Cochrane (1982). Another large block slide, shown in
figure 8.20, occurred at nearby Newell Creek (site 11,
pl. 9); this slide was similar in several aspects to the Love
Creek landslide (Cotton and Cochrane, 1982). The debris
flow at Oddstad Boulevard (fig. 8.21; site 4, pl. 8) and
several other landslides in Pacifica, San Mateo County,
are described in chapter 9.

A complex landslide from the south flank of Chalk
Mountain (site 12, pl. 9) began as a slump that mobilized
into a debris flow and traveled approximately 0.8 km into
the headwaters of Afio Nuevo Creek. We viewed this land-
slide only from the air and estimated its volume at 150,000
to 190,000 m3, on the basis of measurements from
1:20,000-scale aerial photographs and 1:24,000-scale
topographic maps. This landslide and the Whitehouse
Creek landslide from Chalk Mountain were two of the
largest debris flows in the storm.

A large debris flow was observed during aerial recon-
naissance near Mindego Creek in the vicinity of La Honda,
San Mateo County (site 5, pl. 8). Because this site was
observed only from light airplane, the data listed in table
8.4 are approximate estimates from low-altitude aerial
photographs and measurements from 1:20,000-scale aerial
photographs and 1:24,000-scale topographic maps.
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CONCLUSIONS

1. Normalized storm rainfall appears to have been more
significant than total storm rainfall in determining the
concentration of debris flows in the San Francisco Bay
region. Debris-flow concentration (number of debris
flows per square kilometer) increased with increasing
amounts of normalized storm rainfall, a result con-
sistent with those of Govi and Sorzana (1980) and
chapter 2. Dense and greater debris-flow concentra-
tion (20 or more per square kilometer) occurred where
normalized storm rainfall exceeded 0.30. This thresh-
old agrees with the results of an independent analysis
of rainfall that caused damaging landslides in the San
Francisco Bay region during the storm (see chap. 2).

2. Bedrock geologic units influenced the distribution of
debris flows in San Mateo County. The quantitative
measure of debris-flow incidence showed a wide range
of values for different geologic units, indicating that
some units are highly susceptible to debris flows,
whereas others are only slightly so. Colluvial deposits
mapped over many geologic units with a medium or
high incidence suggest that the colluvium is derived
from previous debris flows and that these geologic
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units have been producing debris flows over a long
period.

3. In San Mateo County, debris flows initiated most com-
monly on slopes with DEM-derived steepness of 19°
to 22°. This range is well below the 26°-45° range
where debris-flow sources were most common in south-
ern California, and well below typical field-measured
values in Marin and San Mateo Counties during this
storm. When the frequency of debris flows with DEM-
derived steepness was normalized by taking into
account the population of slopes with different steep-
nesses, the peak of debris-flow frequency shifted to
25°-29°, more in accord with experience elsewhere.

4. The effect of vegetation on the regional distribution
of debris flows in San Mateo County was not clarified
by our analysis. In one area, however, the strong in-
fluence of removal of vegetation by logging on the con-
centration of debris flows indicates the control of
vegetation on the susceptibility to debris flows.

5. Few, if any, generalizations can be drawn from the
wide range of characteristics exhibited by the few
documented large landslides in San Mateo and Santa
Cruz Counties. Most landslides involved either col-
luvium or a combination of colluvium and weathered
bedrock, initial average slopes covered a wide range
of values, and rates of movement varied.
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ABSTRACT

The January 3-5, 1982, storm caused 475 landslides in Pacifica, Calif.
A total of 85 percent of the landslides mapped involved both sliding and
flow. Most of these landslides occurred in soils with common engineer-
ing properties, near the head of first-order drainages, on slopes of
26°-45°. Each landslide was probably preceded by a near-vertical ten-
sion crack extending to bedrock. The rupture surfaces occurred in soil
near or on the soil-bedrock contact.

INTRODUCTION

The city of Pacifica, located in northwestern San Mateo
County (fig. 9.1), received exceptionally heavy rainfall dur-
ing the January 3-5, 1982, storm in the San Francisco
Bay region. The heavy rains triggered hundreds of land-

'Current affiliation: Howard Consultants, Inc., and the University of Idaho, Moscow, ID 83843.
2Current affiliation: Baldwin-Wright, Inc., Pacifica, CA 94044.
*Current affiliation: Howard F. Donley Associates, Inc., Redwood City, CA 94063.

slides. These landslides caused 3 deaths, the destruction
of 4 homes, damage to tens of other homes, and perceived
life-threating situations for at least 500 families living at
the foot of steep hillsides. Never before had the potential
danger of landsliding been so widely experienced in
Pacifica. Damage to municipal facilities and city cleanup
costs alone exceeded $1.5 million.

PURPOSE

The purpose of this chapter is to report on the distribu-
tion and types of landslides that were triggered by the
storm, to evaluate the geologic conditions and mechanics
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tion of the city of Pacifica.
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of failure for four representative landslides, and to pre-
sent soil-property and shear-strength data for the
materials involved in the landslides.

SCOPE

‘We mapped landslides occurring as a result of the storm
(1) to locate all the landslides; (2) to correlate the loca-
tions of landslides with such slope features as degree of
slope, aspect, vegetation, and drainages; and (3) from this
correlation, to identify slopes with a high potential for
failure, given the prediction of more rainfall to come.
These data were then used by city officials to warn the
citizens of Pacifica of immediate danger and, if necessary,
to require them to move temporarily (see subsection below
entitled “Regional Study’).

After this preliminary work, we began a more detailed
investigation of nine landslides, selected for further study
by their location, classification, and potential for future
hazard. This detailed investigation included geology,
geometry, ground water, and laboratory shear-strength
and moisture-density relations. Four of these nine land-
slides are discussed here.

SETTING
GEOGRAPHY

The city of Pacifica is located within the northern Santa
Cruz Mountains. The south half of the city includes
interior valleys and highlands that are influenced by
Montara Mountain, situated slightly south of the city (fig.
9.2). Montara Mountain exhibits deeply entrenched
stream valleys. The drainage divides that separate the
valleys are characteristically flat topped. Their moderately
dissected margins contain numerous subtle linear swales
and well-developed first-order drainages. Elevations in
the south half of the city range from sea level to approx-
imately 365 m.

North of Sharp Park, the highland terrain consists of
subdued, isolated hills with a crude north-northwestward
grain. The drainage divides are much broader here than
to the south, and relief is generally less than 180 m.
Numerous first-order drainages occupy the hillsides.

The coastal margin, like the interior highlands, varies
in topographic expression from south to north. South of
Sharp Park, the coastal margin is characterized by broad,
low alluvial plains and intermittent, west-northwest-
trending bedrock promontories, with an average relief of
60 m. The coastal margin north of Sharp Park is char-
acterized by hillsides into which has been cut a nearly
linear, slightly dissected seacliff with a relief of approx-
imately 30 m. Shelter Cove, in the southwest extremity
of the city, is steeper and expresses higher relief.

THE STORM OF JANUARY 3-5, 1982, IN THE SAN FRANCISCO BAY REGION, CALIFORNIA

CLIMATE

The climate of Pacifica is characterized by dry, mild
summers and moist, cool winters (Wagner and Nelson,
1961). Mean annual precipitation is 635 mm (25 in.), most
of which occurs during the months of December through
March. Since 1940, mean annual precipitation has been
exceeded in 18 of these years. During the rainy season
from October 1981 through April 1982, the total rainfall
measured at the Half Moon Bay Weather Station near
Pacifica was 1221 mm (48.07 in.), of which 150 to 200 mm
(6-8 in.) fell on January 4, 1982 (J.P. Monteverdi, writ-
ten commun., 1982). This rainfall occurred over a period
of less than 30 hours, giving an average intensity of 5.0
to 6.6 mm/h (0.20-0.26 in/h)—certainly above average for
Pacifica.

GEOLOGY

Published information on the geology of Pacifica is
generally on a regional scale. Lawson (1914) was the first
to map the areal geology. Darrow (1951) published a
geologic map of the Montara Mountain quadrangle, which
was later revised by Pampeyan (1981). Bonilla (1960)
mapped landslides and briefly described the geology of
the San Francisco South quadrangle. Brabb and Pam-
peyan (1972) compiled geologic data on a 1:62,000-scale
map of San Mateo County; figure 9.3 shows their map-
ping in the city of Pacifica.

Most of the study area is underlain by alternating,
northwest-trending bodies of sheared greenstone and
sandstone of the Jurassic and Cretaceous Franciscan
assemblage, containing local inclusions of diabase, basalt,
serpentinite, chert, and limestone. Near the ground
surface, these rocks are commonly weathered and are
mantled by residual soil and colluvium. Weathering is pro-
nounced in the more highly altered rocks.

The valleys contain unconsolidated deposits of Quater-
nary alluvium. Artificial fill is present in many of the
larger valleys occupied by residential developments. Rem-
nants of marine-terrace deposits occur along the western
part of the study area. Other Quaternary surficial deposits
include slopewash, windblown sand, and beach deposits.

A northwest-trending structural grain, influenced by
deformation along the San Andreas and related faults,
dominates the geology of Pacifica (fig. 9.3). The San
Andreas fault passes through the north end of the city.
The Pilarcitos fault, a generally northwest-trending struc-
ture that enters the Pacific Ocean near Point San Pedro,
is mapped through the southern part of the city. Paleocene
rocks adjacent to this fault have been deformed into tight
northwest-trending folds. Several unnamed mapped faults
transect the Franciscan assemblage between the Pilar-
citos and San Andreas faults.
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Franciscan sandstone beds in the southern part of the
city exhibit no systematic, preferred structural trend;
beds are oriented in all directions (Brabb and Pampeyan,
1972). Joints and shear zones are common in the Fran-
ciscan rocks.

STUDY METHODS
LANDSLIDE CLASSIFICATION

Landslide terminology is described in the “Introduc-
tion” to this volume. The major types of landslide move-
ment resulting from the storm were rotational and
translational slides and flows. One landslide was classified
as solifluction. Most landslides were complex (Varnes,
1978) because after initial sliding the masses disag-
gregated into flows. In this chapter we use combined
terms, such as “slump/debris flow,” that distinguish
sliding from flow, and we identify fast-moving debris
flows as debris avalanches.

REGIONAL STUDY

A total of 475 landslides, ranging in volume from a few
cubic meters to 2,290 m3 of earth material, were iden-
tified within the city limits of Pacifica. Most landslides
occurred near the top of the natural hills, and most in-
volved only the soil cover and thus were categorized as
surficial failures (less than 3 m deep), as opposed to deep-
seated bedrock failures.

Shortly after the storm, with a forecast of more rain,
we made a concentrated effort to delineate hazardous
hillslopes, so that the affected residents could take
measures to evacuate their homes when additional rains
began. This was a concerted effort by the city to avert
additional injury or death. The emergency effort was per-
formed by airphoto interpretation and reconnaissance
field visual observation only. However, it quickly became
apparent that more thorough study was needed to locate
and identify all the landslides that occurred during the
storm, as well as to obtain valuable geotechnical data.

The high-hazard areas we delineated were hillslopes
similar in geomorphic form to those that failed during the
storm. These areas were initially delineated by examin-
ing poststorm (Jan. 8, 1982) 1:20,000-scale black-and-
white aerial photographs provided by the U.S. Geological
Survey. The study area was then overflown by a team of
geologists who compared the photogeologic interpreta-
tions with the results of direct visual observation. The
high-hazard areas were plotted onto existing San Mateo
County 1:4,800-scale orthophotographs and submitted to
the city, who, in turn, distributed evacuation advisories
to homeowners in high-hazard areas on January 16, 1982.
This advisory list was later revised by careful ground
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checking, which resulted in a corrected and official list
of affected homesites. An updated evacuation advisory
was distributed on January 28, 1982. Cataloging of land-
slide distribution and analysis of nine representative land-
slides were performed during and after the emergency
measures.

DETAILED STUDIES

We selected four landslides from the nine analyzed in
detail (fig. 9.2) for discussion here. We mapped each land-
slide on 1:120-scale base maps generated photogram-
metrically from poststorm aerial photographs. We paid
particular attention to the landslide-source areas, where
failure geometry was well exposed. We also studied the
soils along the failure surfaces.

During geologic mapping, we collected samples from
representative soil horizons adjacent to the failure sur-
faces at each landslide site for testing in our laboratory.
Tests included moisture content, dry density, Atterberg
limits, gradation, and direct shear.

BROOKHAVEN SITE
GEOGRAPHIC SETTING

At the Brookhaven site, located on the north side of
Pacifica (fig. 9.2) in the Fairmont No. 2A subdivision, a
series of failures occurred on a natural slope immediate-
ly above a cut slope. Additional grading had been done
at the top of this slope. Grading and development in the
area preceded 1970. Tract homes built since 1970 have
apparently been affected only slightly by recurring
shallow failures of the hillside, which are evidenced by two
older scars at the southeast end of the site.

The hillside at the site (fig. 9.4) is 46 m high, slightly
convex, and inclined at a slope of approximately 34°. A
gentle and apparently natural break in slope occurs mid-
way up this hillside. Vegetation consists primarily of
sagebrush and grass.

GEOTECHNICAL SETTING

The inferred active trace of the San Andreas fault
passes within 300 m of the Brookhaven site. Thus, the
Franciscan greenstone that underlies most of the hillside
is strongly deformed and sheared, as revealed in adjacent
roadcuts and in hand-dug holes. Sheared rock that in-
cludes other Franciscan rock types is also present at the
site (fig. 9.4).

Greenstone observed in the test pits and headscarp
within the failure area was highly weathered and sheared,
in contrast to more competent, less weathered greenstone
encountered elsewhere. The bedrock is overlain by a light-
colored lower layer of colluvium, as much as 1.2 m thick,
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which consists of moist, yellowish-brown, sandy to silty
clay containing rock fragments. This material, in turn, is
overlain by about 0.6 m of dark colluvium, consisting of
moist, dark-grayish-brown, friable, coarse-sandy clay to
clayey sand containing rock fragments.

LANDSLIDE CHARACTERISTICS

A slump/debris flow (northwesternmost landslide, fig.
9.4) dominated the slope failure at the Brookhaven site.
It was 15 m wide, 9 m long, and about 2.1 m deep, and
was characterized by a nearly square crown and a hum-
mocky, cracked ground surface. The other landslides were
shallow translational slides/debris flows that removed soil
from the slope to a depth of 0.6 m. The resulting scars
were characterized by 0.6-m-high, jagged headscarps and
by slip surfaces that were continuously exposed except
where concealed by a few rafted clumps of topsoil and
vegetation.

Scarplets, generally less than 0.3 m high, and cracks
indicating incipient failure bounded the slope areas be-
tween the failed areas (fig. 9.4); similar scarplets (not
shown in fig. 9.4) extended nearly to the top of the slope.

The affected area included about 1,600 m2, and the
total volume of the landslides was approximately 765 m3.
An estimated 380 m3 of additional material exhibited
cracking that indicated incipient failure. Areas bounded
by fresh cracks upslope of the landslides are omitted from
these estimates.

MODE OF FAILURE

The Brookhaven site includes debris flows that resulted
from both translational and rotational slides. Translational
sliding occurred at depths of about 0.6 m, near the bound-
ary between the dark top layer of colluvium and the
underlying light-colored colluvium. After initial sliding,
most of these masses disaggregated into viscous slurries
of soil and water. However, numerous clumps of dark soil,
held together by shallow roots, slid without disaggrega-
tion. At the time of our investigation, these clumps formed
unstable masses that rested on the sloping rupture
surface.

The dominant failure, in terms of both volume and
disruption to an adjacent residential site, began as a rota-
tional slide. The rupture surface was concave upward and
extended to a maximum depth of about 2 m. Like the
shallow translational failures, the mass disaggregated dur-
ing failure into a viscous flow. Occupants of a residence
downslope and across a road said that the mass moved
slowly enough for them to move safely from its path. It
had enough momentum, however, to flow downslope, top-
ple an embedded basketball goal, and slightly damage
their house.
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BIG BEND SITE
GEOGRAPHIC SETTING

Big Bend Drive, located near the southeast point of
Pacifica (fig. 9.2), occupies a 1-km? drainage basin in the
Park Pacifica No. 2 subdivision. The area is characterized
by dense residential development at the foot of a steep,
east-west-trending ridgeline. Development of the area
began during the late 1960’s. Debris-flow hazards in the
drainage basin were discussed by Fowler (1984).

The Big Bend failure (fig. 9.5) originated near the head
of a broad first-order drainage swale on a north-facing
natural slope. The drainage channel broadens upslope and
is widest near the ridgetop. Review of historical aerial
photographs indicates that the broadest part of the chan-
nel is the site of past slope failures.

Vegetation on the slope consists of dense scrub brush
and grasses, with local stands of trees in the drainage
channel. Vegetation within the drainage appears stunted
in comparison with the vegetation in adjacent drainages
and on divides, an appearance possibly reflecting paths
of past debris flows. The average slope gradient is about
30°; over short reaches of the channel, gradients range
from 20° to 45°.

GEOTECHNICAL SETTING

Bedrock exposed on the hillslope is Franciscan green-
stone (fig. 9.5). Where observed in place, the greenstone
is moderately fractured. Where orientations of fractures
were measured, they dipped obliquely out of slope. The
greenstone in most exposures is deeply weathered to a
soft, cohesive, green clayey soil. Seepage was discharg-
ing from the greenstone exposure at the base of the
headscarp. Sandstone float in the headscarp area suggests
that Franciscan sandstone occurs upslope, but dense
vegetation prevented mapping bedrock.

Overlying the bedrock was about 5 em of moist, very
plastic, dense, brown gravelly-sandy clay. This material
had a massive structure and resembled a greenstone
saprolite or residual soil.

Above the clay was about 1 m of light-colored colluvium,
consisting of loose, brownish-yellow silty and clayey sand
containing rock fragments, that might be old debris-flow
material. The material was moist, massive, and friable.
Where damp or wet, it displayed a slightly plastic con-
sistency.

About 35 em of dark colluvium rested on the light-
colored colluvium. This material was damp, loose, and
porous and consisted of very dark grayish brown silty
coarse sand containing clay and rock fragments. The
structure was granular and very friable.

Gaping tension cracks and scarps, as much as 0.6 m
high, were initially observed upslope from the source area
just off the map. Subsequently, scarplike features as much
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as 2 m high were observed. Although the depth of penetra-
tion of these tension cracks is unknown, they are evidence
of incipient failure. Their areal extent suggests a poten-
tial slope failure much larger than that in January 1982.

There is evidence on 1941 aerial photographs of a past,
larger slope failure at this site. Its scar morphology is iden-
tical to that of the failure in January 1982. This older land-
slide appears in the 1941 photographs as an arcuate scar
area, partly denuded of vegetation, that extends nearly
to the ridgetop (beyond edge of fig. 9.5). This older failure
must have occurred at least a few years before 1941
because much of the scar had been revegetated.

This older failure suggests the time required to mask
the scar by vegetation and to degrade the scarps. By 1970
the scar was completely revegetated, and the scar slopes
were reduced to the angle of the adjacent hillslopes. In
1970, however, the secondary growth of vegetation was
recognizably lighter toned and shorter than in adjacent
undisturbed areas. This is the sole evidence in the 1970
photographs that a failure had occurred on this hillslope.

LANDSLIDE CHARACTERISTICS

The landslide occurred on January 4, 1982, behind the
residence at 831 Big Bend Drive. Its volume was esti-
mated at 660 m3. The landslide occurred in two time-
separated surges. The smaller, first surge occurred during
the day; it moved slowly downslope, overtopped a low
retaining wall, and oozed into the backyard. The larger,
second surge occurred that evening and probably moved
as did the first; it had enough momentum and volume to
overtop the retaining wall, fill a 1.2-m-deep swimming
pool, and cover much of the yard with mud.

The Big Bend landslide exhibited the long, shallow, nar-
row and sinuous path typical of debris flows (fig. 9.5). It
exhibits the classic debris-flow morphology, consisting of
three distinct sections: source area, main track, and
depositional area.

The source area of the Big Bend flow was 23 m long,
measured along slope, and averaged 7.6 m in width. It
was defined by a 0.3- to 1.2-m-high headwall and flanks
that exposed primarily colluvial material. Exposed in the
irregular basal failure surface was weathered Franciscan
greenstone and associated materials. Downslope, within
the source area, a minor scarp was partly covered by
material that had flowed from upslope.

Downslope from the source area, the main track was
characterized by a relatively narrow, deep gully, flanked
on both sides by thin lateral deposits that overlay matted
grass and brush. The main track was about 70 m long and
4.5 to 6.0 m wide.

The main track extended downslope to an area where
it appeared that the decreasing slope angle and a debris
dam of small trees and brush had caused deposition on
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the hillslope above the affected residence. This damming
of the flow resulted in a fan-shaped, two-lobed deposit,
at least 1.2 m thick. 