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ABSTRACT

The relatively recent appreciation of the geological significance of large volcanic
landslides has led to their identification at several hundred volcanoes. The morphologi-
cal and textural similarities of volcanic debris-avalanche deposits to those of nonvol-
canic landslides facilitated their recognition, but there are also significant differences
between the two landslide varieties. Volcanic landslides are often larger (by two or more
orders of magnitude) and are substantially more mobile than nonvolcanic landslides.
This reflects factors including the mobility-enhancing influence of volcanic fluids, gases,
and explosions, and material properties effects such as the greater component of frag-
mental materials that form voleanoes. Failure planes of voleanic landslides are typically
substantially deeper than those of nonvolcanic landslides, often reaching 1-2 km depth.

Large-scale edifice failure occurs at volcanoes ranging from <10 to =10000 km? in
size. Typically <10% of an edifice fails, but multiple failures can occur as renewed erup-
tions reconstruct the edifice. The ensuing volcanic debris avalanches travel far beyond
the flanks of a volcano (<10 to =100 km) at velocities that may approach 100 m/s, cov-
ering areas of <10 to >1000 km2, Morphology, textures, and emplacement mechanisms
vary with water content; avalanches can be relatively dry, or sufficiently wet to trans-
form into lahars. In addition to hazards from the avalanches, landslides from coastal
volcanoes have produced tsunamis; volcanic landslides can trigger, or be accompanied
by, eruptions that produce hazards from lateral blasts, Plinian explosions, pyroclastic

flows, and lahars.

INTRODUCTION

Landslides at volcanoes share many of the attributes of land-
slides in nonvolcanic terrain. The similarity of morphology and
texture of many volcaniclastic deposits extending beyond the
flanks of volcanoes with those of landslide deposits in other
mountainous terrain led to the relatively recent recognition that
these major mass movements are also common at volcanoes. Vol-
canic landslides, however, tend be dramatically larger and more
mobile than their nonvolcanic counterparts. Although volcanic
landslides can occur in the absence of eruptions, active volcanic
processes provide additional riggering agents and can influence
avalanche mobility. Millions of people today live on top of large
volcanic debris-avalanche deposits, attracted by volcanically
enriched soils and topographically subdued surfaces of volcani-
clastic deposits suitable for both agriculture and urban centers.

The potential hazards of these massive landslides are com-
pounded by difficulties of recognizing precursors of variable
nature and duration,

The terminology of rapid mass movements in both volcanic
and nonvolcanic terrains is variable; an abbreviated list includes
rockslide avalanche, rockfall avalanche, rock avalanche, debris
avalanche, debris flow, and sturzstrom. Although volcanic mass
movements begin with sliding, flow soon dominates, reflected in
the two most commonly used terms in a volcanological context,
i.e., debris avalanche and debris flow. The term debris flow is less
desirable because of overlap with the more restricted volcanolog-
ical use of debris flow in lahar studies to refer to water-saturated
mass movements transitional between hyperconcentrated flows
and debris avalanches (Pierson and Costa, 1987; Smith and Lowe,
1991). The water content of volcanic debris avalanches varies
from largely dry to, at the other extreme, sufficient water content
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lo canse transformation into Jahars (debris flows sensu stricto).
Massive volcanic slope movements range from slow, long-term
slumping to high-velocity debris avalanches. This chapter focuses
on large (10F—10"2 m) rapid voleanic slope failures, factors con-
tributing to their initiation and transport, and characteristics of
resulting deposits and associated eruptive phenomena.

FREQUENCY OF OCCURRENCE

For many years catastrophic structural failure of volcanoes
was thought to be largely restricted to vertical collapse associated
with magma chamber evacuation and ensuing caldera formation.
However, larze-scale slope failure producing lateral displacements
has been found to be a common form of volcano instability
(Voight et al., 1981; Ui, 1983; Siebert, 1984; Ui et al., 1956,
Francis and Self, 1987; Siebert et al., 1987). Large landslide
deposits have been recognized in a variety of tectonic settings at
voleanic landforms ranging from lava dome complexes to massive
shield volcanoes, Massive slope failure deposits and/or their
souree areas are now recognized at more than 350 Quaternary vol-
canoes, including more than | out of 6 of the world’s Holocene
volcanoes (listed in Simkin and Siebert, 1994). This is certainly a
minimum figure; many volcanoes have yet to be investigated in
sufficient detail to identify avalanche deposits. In a well-studied
region such as Japan, debris avalanches have been documented at
maore than 40% of volcanoes (Ui and Fujiwara, 1993).

It was initially assumed that this form of massive structural
failure could oceur only once or twice in the life cycle of a vol-
cano, but studies have revealed evidence for repetitive collapse at
many volcanoes. Large-scale edifice collapse has occurred from
~f-12 times at Myoko voleano in Japan (Kawachi and Hayatsu,
196943, Mexico's Las Derrumbadas lava dome complex (Siebe et
al., 1993), Mauna Loa on the island of Hawaii (Moore et al.,
1994), Egmont in New Zealand (Palmer et al., 1991}, Shiveluch
voleano in Kamchatka (Voight et al., 1994), Augustine in Alaska
(Begét and Kienle, 1992; Waitt and Begét, 1996), and Colima in
Mexico (Komorowski et al., 1997). Although these frequencies
are not typical, such repetitive failure is possible following rapid
reconstruction of the edifice at volcanoes with high magma extru-
sion rates. Yoshimoto and Ui (1997} reported evidence for two
independent sector failures oriented perpendicularly to each other
during a single eruption at Komaga-take volcano in Japan.

FACTORS CONTRIBUTING TO STRUCTURAL
FAILURE

The inherent instability of volcanoes is attributable to a large
number of factors, acting individually or in concert, Although
these destabilizing conditions (Fig. 1) often persist over long
times, failure can occur suddenly, accompanying eruptions or in
their absence. The high relief and steep slopes of many stratovol-
canoes favor collapse; Francis and Wells (1988) noted a correla-
tion between edifice height and collapse frequency of central
Andes voleanoes. However, failure also occurs at much smaller
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lava dome complexes and at low-angle shield volcanoes, reflect-
ing instability-enhancing voleanic processes not present in non-
voleanic mountainous terrain. Structural factors such as steep dip
slopes of interbedded competent lavas and unconsolidated pyro-
clastic materials, construction of asymmetrical edifices along
inclined basement surfaces (Leonov, 1995; Vallance et al., 1995),
and displacement promoted by intrusion of parallel dike swarms
i Sicbert, 1984) or at intersecting rift zones (Carracedo, 1996) all
contribute to instability, At coastal volcanoes the debuttressing
effect of marine erosion and changes in sea levels are destabiliz-
ing factors that produce preferential failure in a seaward direction
(McGuire, 1996), Van Wyk de Vries and Borgia (1996) noted the
effect of the type and rheology of volcanic substrates on vol-
cano deformation,

Elevated fluid pressures that can lower yield strengths of
rock masses result from several processes. Hydrothermal alter-
ation can convert large segments of the upper edifice to clay min-
erals (Lopez and Williams, 1993; Frank, 1995). Day (1996)
argued that the ensuing instability results not so much from
reduction of the coefficient of friction of altered rock masses, but
from increased permeability that elevates pore-fluid pressures,
Saturation of portions of the edifice by hydrothermal waters
accompanying magmatic intrusions (Voight et al., 1983) or dike
emplacement (Ellsworth and Voight, 1995) can elevate fluid pres-
sures, weakening the edifice. Modeling by Reid {1994) suggests
that fluid pressures can remain above hydrostatic levels for
1P=10¥ yr as a result of thermal pressurization produced by
magma intrusion at depth.

Most volcanoes are susceptible to massive gravitational slope
failures that can oceur in the absence of dynamic riggering agents
such as magmatic intrusions and explosive eruptions; this is dis-
turbing from a hazards perspective. However, one or more dynamic
mechanisms often precipitate the collapse of structurally weakened
edifices. Earthquakes are inferred to play a significant role in the
initiation of large volcanic landslides, as is the case in nonvoleanic
terrain (where heavy rainfall can be a more frequent triggering

hydrothermal alteration

{reduced permiability,

increased pore pressure)

magma intrusion (thermal
fluid pressurization,
ovarsteapening)

displacement, increased
pore pressure from
incremental dike
emplacemant

steap slopes,
surface loading

volcano
spreading

changing sea levels
(peripheral erosion &
debuttressing)

mechanically inclined
unsound structure & basement
basement subsidence, tectonic seismicity

volcanic

saismicity and fault activity

ed|fice deformation

Figure 1. Factors contributing to structural instability of volcanic edifices
(modified from McGuire, 1996,
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agent; Eisbacher and Clague, 1984). Magmatic intrusions at
Bezymianny volcano in Kamchatka in 1956 (Gorshkov, 1959) and
Mount 5t. Helens in 1980 (Voight et al., 1981, 1983) produced
major deformation, and earthquakes precipitated edifice failure.

Phreatic eruptions are often invoked as a triggering agent for
slope failures, including cases where no explosive products have
been identified (Kawachi and Hayatsu, 1994). Even where explo-
sive activity is documented, however, the relative timing of explo-
sions and collapse is often poorly known. The 1772 Papandayan
collapse in Java (Glicken et al., 1987) and the 1888 Bandai-san
collapse in Japan (Sekiya and Kikuchi, 1889) were accompanied
by and may have been triggered by phreatic explosions, although
some uncertainty surrounds the precise timing of the collapse at
Bandai. Deposits of the 1964 debris avalanche at Shiveluch vol-
cano in Kamchatka have been considered o have been produced
by magmatic explosive eruptions, but stratigraphic studies have
shown that the avalanche preceded all explosive activity
{Belousov, 19935). Although explosive eruptions often accompany
collapse, and may sometimes precipitate it, the role of volcanic
explosions in initiating volcano collapse may be overstated. In
contrast, explosions may be triggered by failure of the edifice,
which suddenly removes overburden above volcanic conduits,
rapidly depressurizing the magmatic or hydrothermal systems
within or beneath the volcano.

SOURCE AREAS

Source areas of volcanic landslides form massive reentrants
into the edifice that open in the downslope direction. Many non-
volcanic landslides originate along bedding planes, whereas vol-
canic landslides are deeper seated (Fig. 2) and not as influenced
by stratigraphic dip slopes. Often | km or more of the volcano’s
summit can be removed, forming steep headwalls that rise above
low-angle crater floors. This low-angle basal failure plane of vol-
canic landslides is in contrast to the 25°-30° slope (e.g., Cruden,
1976) common at many nonvolcanic landslides. This morphology
15 accentuated when collapse is accompanied by major explosions.

The trajectories of least principle stress in quasiconical vol-
canic constructs are roughly circular; failure perpendicular to this
direction produces horseshoe-shaped failure scarps that com-
monly incorporate the former summit (Fig. 3). Volcanoes vary
widely in morphology, however, and failure scarps can in plan
view include <15°-1207 of the edifice (Francis and Wells, 1988;
de Silva et al., 1993; Ui and Fujiwara, 1993), The width of vol-
canic landslide scarps ranges from <1 to =10 km. The mean
width (n = 149) perpendicular to the breached direction is 2.5 km
(Siebert, 1996), a size comparable to small collapse calderas,
Calderas formed by avalanches often differ morphologically
from erosional calderas, which narrow significanily in the
breached direction (Siebert, 1984),

Some volcanoes, such as Bandai-san in Japan, retain rem-
nants of failure scarps of several generations of collapse; more
often scarps are largely or completely concealed by postcollapse
=mmntinns. Reconstruction need not be a lengthy process. In the
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40 yr since its 1936 collapse, dome growth at Bezymianny vol-
cano has risen above the crater walls. Small-volume volcanoes
with high magma extrusion rates such as Augustine volcano are
capable of restoring the edifice to pre-failure dimensions in less
than a century (Siebert et al., 1989; Begét and Kienle, 1992),

BEHAVIOR AND MOBILITY

Initial movement of volcanic landslides involves block slid-
ing, and at some volcanoes such as Socompa in Chile, coherent
kilometer-scale slumped blocks are present in proximal areas
(Francis et al., 1985; Wadge et al., 1995). In most cases disaggre-
gation rapidly transforms movement into fragmental flow, which
on steep slopes rapidly attains high velocities that sustain rapid
movement over low-angle terrain long distances beyond the vol-
cano. The mobility of both nonvolcanic (Scheidegger, 1973; Hsii,
1975) and volcanic (Ui, 1983; Voight et al., 1983, 1985; Sicbert
et al., 1987; Hayashi and Self, 1992; Adushkin et al., 1995)
avalanches is affected by the available vertical drop and by vol-
ume of the failure mass. Although the mobility of both types of
avalanches is influenced by volume, data on a large number of
volcanic avalanches show a pronounced increased mobility rela-
tive to nonvolcanic avalanches (Fig. 4). This is attributed to the
availability of hydrothermal and magmatic fluids at volcanoes and
to the greater percentage of fragmental material in volcanic source
areas, facilitating fluid-particle interaction (Voight et al., 1985,

Although coeval explosive eruptions increase mobility
(Glicken, 1986, 1996; Sousa and Voight, 1991; Clement et al.,
1993}, volcanic avalanches that occur in the absence of eruptions
or active hyvdrothermal systems also display enhanced mobility
over nonvolcanic avalanches, suggesting that differences in mate-
rial properties of their respective source regions are important
factors. The rapid onset of mobile flow during voleanic landslides
is facilitated by the presence of fragmental pyroclastic and
hydrothermally altered materials and the prefailure fracturing of
more coherent materials by explosions, volcanic seismicity,
and/or magmatic intrusions. The generation of large volumes of
hydrous clay minerals through extensive hydrothermal alteration
of areas adjacent to volcanic vent systems can provide fluids that
enhance mobility (Lopez and Williams, 1993; Carrasco-Niifiez et
al., 1993; Frank, 1995; Scott et al., 1995).

Estimated maximum velocities of volcanic debris avalanches
of ~50-150 m/s have been back-calculated using kinematic anal-
ysis of avalanche deposits (Ui et al., 1986b; Eppler et al., 1987;
Siebert et al., 1989; Sousa and Voight, 1991; Stoopes and Sheri-
dan, 1992). The use of constant rheology models, however,
results in overestimation of velocity and underestimation of
emplacement time {Sousa and Voight, 1991, 1995), Empirical
energy-line velocity calculations for the Mount St. Helens ava-
lanche exceed those observed by a factor of about two (Ui et al.,
1986b). At Mount St. Helens, the only volcano where direct ava-
lanche velocities were obtained, the avalanche had a minimum
mitial velocity of ~70-80 m/s and an average velocity of ~35 m/s
{Voight et al., 1981, 1983). Evidence for higher velocities at the
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Figure 2. Contrasting morphology of
nonvolcanic  and  volcanic  landslide
scarps. A: 1965 nonvoleanic landslide
scarp at Hope, British Columbia (Math-
ews and McTaggart, 1969), is shallow
with steeply sloping basal failure plane.
B: Eastern halt of 1888 landslide scarp at

base of the volcano may have been obscured by the rapidly
expanding blast cloud (Sousa and Voight, 1991,

Volcanic debris avalanches behave rheologically as rapid
inertial granular flows in which frictional effects are minimized
by high basal shear rates (Voight et al., 1983; Pierson and Costa,
1987), Momentum is transferred by grain to grain dispersive
forces, but above the basal shear surface, high yield strengths
exceed shear stress, permitting Bingham-mode] rigid plug flow
of discrete coherent masses for long distances, Yield strength and
viscosity decrease dramatically with distance, contributing to high
runout distances (Sousa and Voight, 1991). Flow is dominantly

Bandai wvolcano, Japan (Sekiva and
Kikuchi, 1889, where as much as 700 m
of material was removed, leaving sieep
headwall rising above relatively flat basal
failure plane in foreground. Note thick
lava flow sequence in headwall overlying
pyroclastic base.

laminar; paleomagnetic measurements by Mimura et al. (1982)
indicate that large clasts rotated in a horizontal but not vertical
plane. Movement is not necessarily entirely passive, however,
as evidenced by bedded tephra layers in the debris-avalanche
deposit from Raung volcano in Indonesia that often dip more
steeply than plausible for primary dips (Siebert et al., 1996).
Eeynolds numbers of 2040 for the Mount St. Helens avalanche
are substantially lower than common for the transition from lam-
inar to turbulent flow {Voight et al., 1983); however, turbulent
flow may be locally important, particularly in explosively moti-
vated avalanches (Glicken, 1986, 1996; Sousa and Voight, 1995).
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Figure 4. Semilogarithmic comparison of mobility (ratio of fall height o
travel distance, HAL) and volume of nonvoleanic (data from Voight et al.,
1985) and volcanic debris avalanches.

Undulating avalanche trimlines to 200 m above a valley floor at
Mount St. Helens (Fisher et al., 1987) provide evidence for tran-
sient wave-like transport that left thin veneers well above val-
ley-floor deposits (Fig, 5).

Hydrothermal and magmatic fluids entrained within ava-
lanches contribute to their mobility, but fluidization by gas 1s
incomplete, The Inman (1952) sorting coefficients for debris
from the Mount St. Helens (Voight et al., 1983, Glicken, 1986,
1996) and other volcanic avalanches (Fig. 6) are higher than the
upper limit of ~1 that is required to sustain fluidization (Wilson,
1980). Temperatures of volcanic landslides are generally consid-
ered to be low (<98 °C at Mount 5. Helens; Vioight et al., 1981},
even when accompanied by magmatic eruptions. Clement et al.

Figure 3. Holocene landslide removed
summit of Pacaya volcano, Guatemala
(Vallance et al., 1995); posteollapse vol-
canism has constructed MacKenney cone
1o elevation above landslide scarp. South
wall of failure scarp is seen at right; north
wall forms small peak barely visible at
middle left skyvline. Historical lava flows
from MacKenney cone cover low-angle
failure plane; debris-avalanche hummock
forms foreground.

{1993} calculated temperatures averaging 360 °C from paleo-
magnetic evidence at the Nevado de Colima avalanche in Mex-
ico, although these temperatures may not have characterized the
avalanche as a whole. Although carbonized wood is found in
avalanche deposits at Colima., implying at least localized temper-
atures in excess of =400 °C, this in part may result from incorpo-
ration of wood charred by associated pyroclastic flows or surges
or noneruptive processes (Komorowski et al., 1997}, Despite the
incorporation of large amounts of magmatic materials in the
Mount 5t. Helens avalanche, blocks of glacial ice hittered the
avalanche surface and were exposed in excavations several years
later. Even lower temperatures are likely at many other
avalanches less affected by magmatic processes, and the variable
proportions of interstitial water and air in volcanic avalanches
also influence mobility and flow behavior. Many avalanches are
largely dry, but others olten contain or incorporate variable
amounts of water, at one extreme in sufficient quantity to trans-
form into lahars that travel greater distances.

A wide variety of models, only mentioned here, have been
proposed to account for the increased mobility of debris
avalanches over predicted models for sliding or grain flow (Hsii,
1975). Models commonly invoke reduced friction resulting from
factors such as compressed air layers (Shreve, 1968), intergranu-
lar dust (Hsii, 1973), melting along the slide plane (Erismann,
1979, or fluidization by air (Kent, 1966), by vaporized water
{Habib, 1975), or by acoustical vibration (Melosh, 1979). Davies
(1982) invoked a mechanical fluidization through grain to grain
dispersive forces. The thin hasal shear zone found al many dry
nonvoleanic landslides ( Yarnold and Lombard, 1989) is predicted
by mathematical modeling (Camphbell, 1989). The grain-dispersive
models, in which the bulk of an avalanche flows as a relatively
inactive mass of high yield strength above a thin layer of highly
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Figure 5. Diagonal contact near top of
photo marks trimline dividing dark col-
ored lateral-blast tree blowdown above
lighter colored valley walls scoured from
30 to 200 m height by undulating trans-
port of Mount St. Helens debris ava-
lanche. Valley-floor avalanche deposit
here is overlain by flat-lying secondary
pyroclastic-flow  deposits  originating
from lateral blast.

T
Debris--Avalanche . — .
. AL 3
6- ® & LaharDeposits 3G s
o o E_.' ¢ Coscodes
) Japan
5L | | . : Inéynesia
o Lahars
4
3

Iy
E
-E L O 40 o Lahars—MSH
@]
5 s o,
| . s
& 2 7 ('1
E 1-' .r O *
I '~ (] S
I]I e A SR 2 e M
5 4 3 2 4 0 1 2 3 4 5 6

Median Grain Size {Ib‘k:h)

Figure 6. Size parameters of debris-avalanche deposits (black symbols)
compared with those of lahars (white symbols), including data from
Aungustine {Siebert et al., 1989), Mount 5t. Helens (Glicken, 1986,
1996), Cascade Range and Indonesia (Siebert et al., 1995), Japan
(Murai, 19617, lahar data (Walker, 1971, and Mount 5t. Helens (MSH)
southwest flank lahars (Major and Voight, 1986). Data point locations
may vary slightly because of differing sampling and analytical proce-
dures. Solid and dashed lines outline, respectively, pyroclastic flow and
Plinian air-fall fields of Walker (1971).

agitated particles, appear to account for the great mobility and
many of the physical properties of landslides. Later modeling by
Campbell et al. (1995), however, suggests that shearing, decreas-
ing distally, can occur through much of the vertical extent of the
avalanche. This would be expected to produce the pronounced
change in aspect ratio from the initial failure slide blocks to the
thinner distal avalanche.

MORPHOLOGICAL AND TEXTURAL
CHARACTERISTICS OF DEBRIS-AVALANCHE
DEPOSITS

Texturally and morphologically, deposits from volcanic
debris avalanches are similar to those of many nonvolcanic rock
avalanches, although their scale differs. The largest Quaternary
subaerial volcanic deposits exceed 10 km? in volume and cover
areas of hundreds of square kilometers to >1000 km? (Table 1);
those of oceanic shield voleanoes can have volumes two orders of
magnitude larger.

The surface morphology of debris-avalanche deposits is usu-
ally characterized by a hummocky terrain with numerous small
hills and closed depressions, Surface drainage is often irregular or
discontinuous, and small lakes or ponds may form in depressions.
Distally, areas of flat surfaces may increase, and in some
avalanche deposits hummocky morphology is subdued or largely
absent (Francis and Wells, 1988; Siebe et al., 1993). Longitudinal
ridges may also be prominent, as seen in many Martian examples
{Lucchitta, 1979). In some instances, segments of a voleano can
slide downslope as largely intact masses without transforming
into debris avalanches. Large tilted and rotated blocks on a scale
of several kilometers, termed toreva blocks, slid almost 7 km
from their source at Socompa volcano in a nearly coherent man-
ner without disaggregating like the bulk of the avalanche (Francis
et al., 1985; Wadge et al., 1995).

Hummack size for subaerial deposits ranges from ~1 m to
several hundred meters in height and =1 km in length, the long
axes often being oriented parallel or perpendicular to transport
direction. Portions of some avalanche deposits contain hundreds
to thousands of closely spaced hummocks (Fig. 7); elsewhere
hummocks are fewer and more widely spaced. Hummock height
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TABLE 1. LARGE (5 km”) QUATERNARY DEBRIS-AVALANCHE DEPOSITS

Volcano Wolume® Area Distance’ Referances®

(km™ (k) (k)
Shasta (Cascades) 46 G675 49 Crandell {1889}
Mevado de Colima (Mexico) 2333 2200 120 Stoopes and Sheridan (1992), Komorowski et al. (1947)
Socompa” (Chile) 26 606 ar Wadge and Francis (1985), Francis et al. (1885}
Raung (Indonesia) 25 10457 79 Siebert et al. {(1986), Neumann van Padang (1939)
Pico de Orizaba  (Mexico) 2007 3507 To? Camrasco-Nofez et al. {1997)
Galunggung (Indonesia) 16 170 23 Bronto (1989)
Meru (Tanzania) 10-20 1400 50 Cattermole (1982)
Antuco {Chile) 15 2007 =30 Moreno (1991)
Fuego (Guatemala) 15 420 50 Siebert et al. (1994}, Vallance et al. (1995)
Canlaon (Fhillipinas) 13 400 23 Geronimo-Cantane (19597)
Wrangell {Alagka) =12.6 840 0 Yahle and Nichols (1980)
Shiveluch (Kamchatka) =10 350 40 Belousowva (1994)
Planchon-Peteroa’ (Chils) =10 aro 78 Maranjo et al. (1997), MacPhail (1973)
Yatsugetake (Japan) =9 - 28 Mason and Foster (1958), Mimura et al. (1982)
Popocatépetl (Maxico) 5§ =g 300 B0 Siebe et al. (1995), Robin and Boudal (1987)
Colima (Mexico) 612 1200 48 Stoopes and Sheridan (1992}, Komorowski et al. (1997)
Egmont (Mew Zealand) =75 =250 =26 Falmer et al. (1941)
Avachinsky™ (Kamchatka) 7-8 300 =30 Melkskestsey et al, (1992)
Mawanzi (Tanzania) 71 1875 Gl Downie and Wilkinzon (1972)
Drum (Alaska) =7 =200 857 Richter et al. (1979)
Egmaont (Mew Zealand) 5.8 =500 =30 Falmer et al, (1991)
Toluca (Mexico) =5 500 55 Macias et al. (1997)
Acatenango  (Guatemals) G 210 41 Siebert et al. (1994), Vallance et al. (1995)
Kurohime (Japan) 57 - =25 Fawachi and Hayatsu (1954}
lizuna (Japan) 57 - 17 Kawachi and Hayatsu (1584}

*Submarine deposits from oceanic shigld volcanoeas are not included in this table. Data are unavailable for other large subaerial deposits.
Volume data may include coeval lahar deposits (excluding postavalanche lahars extending beyond the avalanche deposit) and entrained
accidental material through bulking during emplacement. The relative position of avalanche deposits in this table is only approximate; volumes
a:a difficult to precisely determine primarily becauss accurate data on deposit thickness are often unavailable.

Stra|gr-rt-l|ne distance measurad from source headwall (or volcano summit, when avalanche scarp is covered) to distal end of deposit,

iFirst reference for each volcano is source of volume data.

®*Debris-avalanche deposit volume at Socompa is 25.7 km™; an additional 44.5 km® of material remained within the source area in the form of

rotated toreva and other slumped blocks (Wadge et al,, 1§95).

**Lahars extend beyond the =70 km estimated extent of the Jamapa avalanche deposit inferred to originate from Pico de Orizaba (Citlaltepetl)
to near the coast, 105 km from the volcano. More than one deposit may exist in the Jamapa drainage (Carrasco-MNafiez, 1957, personal

COMMIMUAN. ).

”Strargrrt line travel distance is about 78 km; published reports of length of travel path along river valleys range from ST fo 100 km.

% pverage individual volume of 3 ovarlapping debris-avalanche deposits at Popocatépet! with a total volume of 27 km” (Siebe ot al,, 1995).
*a second avalanche of comparable volume underlies this deposit (Melekestsey et al,, 1992),
***Chemistry of rocks from this debns-avalanche deposit from the Fuego-Acatenango complex shows affinities to Acatenango rather than

Fuego rocks (Basset, 1996).

and density often decrease away from the volcano (Ui, 1983;
Siebert, 1984; Glicken, 1986, 1996; Crandell, 1989), reflecting
progressive disaggregation of debris-avalanche blocks. Hum-
mocks may form by extension when lateral spreading of a debris
avalanche produces horst and graben structures (Voight et al.,

1981, 1983), or may represent the original surface topography of

debris-avalanche blocks rafted in finer prained material that sub-
sequently drained away (Glicken, 1986, 1996; Crandel], 1989),
Radially oriented hummocks may form by deceleration in
response to basal or lateral shear as coherent blocks that resist
basal shear are slowed and sculpted by adjacent faster moving
material into elongated hummocks parallel o flow direction
(Glicken, 1986, 1991). Some transverse hummocks originate
from compression resulting from deceleration when an avalanche
encounters topographic irregularities (Eppler et al., 1987) or
enters a body of water (Siebert et al., 1995).

Unlike many mudflow deposits, avalanche deposits often
have sharply defined margins with marginal levees and a steep
terminus. Levees can form on broad unconfined slopes as well as
along confining valley walls and result from deposition of
plug-flow material at a lower velocity flow margin where vield
strength exceeds shear strength (Glicken, 1986, 1996). Levees
may be subdued or absent at avalanches with higher water con-
tent. Steep-sided distal marging of dry avalanche deposits imply
rapid cessation of movement. At Jocotitlin volcano inertial
movement caused large airborne clasts to fall into lake sediments
several hundred meters bevond the avalanche terminus (Siebe et
al., 1992). Substrate deformation, more pronounced distally, has
been observed at landslide deposits of nonvoleanic and voleanic
origin {Yarnold and Lombard, 198%; Siebe et al., 1992), Scouring
of preavalanche substrate may produce significant bulking
through incorporation of valley-floor soil or sediments. At Mount
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Figure 7. Closely spaced hummocks to 30 m high are prominent st West Tsland debris-avalanche deposil, Augustine volcano,
Alaska, Flat areas are underlain by lateral-blast deposit order of magnitude smaller than at Mount 5t. Helens.

5t. Helens, distal parts of the avalanche deposit included jumbled
trees and highway pavement fragments (Glicken, 1986, 1996).

Large-scale textural features of volcanic debris-avalanche
deposits (Table 2) have been described at many volcanoes,
although thorough three-dimensional characterization of deposits
is inhibited by the lack of vertical dissection of Quaternary
deposits. Described deposits are typically poorly sorted and
poorly graded, unstratified diamictons that contain large to very
large dominantly angular to subangular clasts in a finer grained
matrix. Clasts are often highly fractured, and debris-avalanche
blocks that include massive lava flow or dome segments may be
so pervasively shattered that, although their stratigraphy is locally
preserved, their original texture is unrecognizable. Color mottling
produced by the juxtaposition of distinct material of differing
lithologies on a scale from centimeters o many meters is a
prominent characteristic of the block facies of avalanche deposits.
Fractured clasts of one lithology surrounded by crushed frag-
ments of the same lithology appear in sharp to diffuse juxtaposi-
tion along horizontal to irregular contacts with clasts and matrix
of another lithology.

Radial fracture patterns or an irregular fracture network
termed “jigsaw cracks"” (Shreve, 1968; Ui, 1983), in which frag-
ments of adjacent clasts can visually be refitted across fractures
millimeters to decimeters wide, are common. This fracture style
differs from cooling joints in lava flows, chilled dike margins, or

prismatic fractures of juvenile fragments in pyroclastic-flow
deposits (Ui, 1987). Campbell et al. (1995) concluded from math-
ematical modeling that jigsaw-crack formation is a late-stage
process, although Ui et al. (1986a) noted that the number of jig-
saw cracks at an avalanche deposit in New Zealand did not vary
with distance, suggesting formation during compression early in
the sliding stage of movement. Elsewhere, shattering may be
more pervasive, preserving fewer jigsaw fractures.

Scanning electron microscope images show that extensive
fracturing extends to a microscopic level. Both block facies and
mixed facies show fracturing of crystals, glass, and lithic frag-
ments, along with the development of hackly surfaces on pro-
jecting segments of grains. Both features are apparently unique
to debris-avalanche deposits (Glicken, 1991; Komorowski et
al., 1991}, The former is inferred to result from propagation of
compression-rarefaction stress waves prior to disaggregation
during early sliding stage movement, and the latter is inferred to
result from high-pressure grain to grain contact early in the
transport process.

Basal zones as thick as 5 m, wherein penetrative shear frag-
mented clasts and smeared out the fabric of avalanche blocks and
produced a crude layering, are a common feature of nonvolcanic
landslide deposits (Yarnold and Lombard, 1989), but evidence of
pervasive shear can rapidly decrease vertically. Thin clastic dikes,
ypically several meters or more in length formed by injection of
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TABLE 2. MORPHOLOGICAL AND TEXTURAL CHARACTERISTICS OF DEBRIS-AVALANCHE AND RELATED FACIES

Facies Description Morphology Geometry

Block facies Debris-avalanche blocks consist of Contains abundant hummocks andlor ridges Lobate or sheet-like when
coharent massive to highly brecciated ranging from a few meters to a few hundred unconfined, shoeastring when
and fragmented segments of the metars or mare in helght. Orientation is confined by valley walls. May
former edifice, transportad relatively variable, but often radial or transverse with have abrupt margins.
intact, Sharp-lo-diffuse, planar-to- respect to flow direction. Hummocks may be  Typically a few tens of
irmegular contacts between individual closely spaced and of variable slope angles.  melers to a hundred meters
edifice segments from centimaters to Intericr and margins of hummocks may be or more thick, covering a few
hundreds of meaters in size can offzet by minor normal faulting not tens to hundreds of square
produce a proncunced color mottling. ohservable at surface, Hummocks form kilometers; submaring
Manolithologic clasts within individual small islands when avalanche enters deposits from oceanic shield
edifice blocks are often surrounded by shallow seas or lakes. volcanoes often substantially
silty-sand matrix of crushed fragments larger,
of the same lithology. Clasts
dominantly angular to subangular,
Jigsaw cracks variable in frequency,
shattered clasts often unrotated.
Clastic dikes may be present. Delicate
featuras such as tephra layars may ba
transported long distances.

Mixed facies Homaogenized, fine-grained, Planar to somewhat iregular surface, Low Sheet-like when unconfined,
mongchromatic matrix dominates, but hummocks composed solely of mixed-facies  shoestring when confined.
may contain varying amounts and material are rare. Individual block-facies Typically not more than a
sizes of heterolithologic clasts and hummocks or hummock clusters few tens of meters thick, can
occasional transported debris- (themselves containing variable amounts of cover many hundrads of
avalanche blocks. Often ungraded, mixed-facies material) may be transported square kilometers, often
unsorted, unsiratified, Clasts within mixed-facies material forming intra- forming dominant component
dominantly angular to subrounded, hummaock areas. of distal part of avalanche,
matrix typically silty sand. May locally
contain clast clusters, schiieran, wood
fragments and secondary soil and rock
fragments.

Avalancha— Matrix-supported fabric, with rare Mostly planar surface, Hummocks rare, Sheet-like when unconfined,

derived lahars brecciated clasts, Clasts dominantly
subroundead to rounded, some
subangular clasts. Matrix is thoroughly
homogenized, has larger silt and clay
content, and may be more compact;
bulking of secondary clasts of soil,
tephra, or other substrate material
MOre COmmaon.

Large coherent segments of the volcano
that slid downslope without
disaggregating; rotational sliding can
produce a reverse dip towards the
volcano, Toreva blocks are relatively
uncommen in association with volcanic
debris avalanches.

Toreva blocks

although some individual block-facies
hummaocks or hummock clusters may be
transported long distances.

Typical planar surfaces may be disrupted by
en echelon faults perpendicular to the
downslope direction. Toreva block margins
are often steep-sided in downslope
direction; proximal side often filled in by
postcollapse material.

covers much broader areas
perpendicular to drainage
channels than lahars not
derived from avalanches.

Massive toreva blocks may
reach several kilometers in
size, and are typically longer
perpendicular to failure
direction. Thickness can
reach several hundred
melters.

Maote: Modified from Glicken (1981) and Palmer et al. (1991).

avalanche matrix material into fractures during avalanche move-
ment, are commonly observed (Glicken, 1986, 1996; Yarnold and
Lombard, 1989). Although fracturing and smearing out of clasts
oceurs during emplacement, relatively passive movement of much
of the avalanche allows large segments of the edifice to be trans-
ported relatively intact. Primary stratigraphic contacts including
delicate features like tephra layers may be preserved during trans-
port for long distances (Fig. #). The more extensive shear proposed
by Campbell et al. (1995) derives from modeling of motion of
spheres of uniform dimension and thus may be more applicable o
transport of mixed facies than block facies material (see following ),

The basal contacts of volcanic debris avalanches show evi-
dence both of erosive scour and relatively passive transport.
Lengthy horizontal contacts can be observed above largely unde-
formed soft sediments in some areas: elsewhere striation of sub-
strate material occurs, and scour can imbricate and incorporate
substrate material, occasionally including large relatively unde-
formed and stratigraphically intact segments of sedimentary and
fluvial material as wide as 100 m or more, Scour, abrasion, and
large-scale capture of substrate material appears more likely in
areas of higher slope angle and irregular topography, such as
sharp breaks in slope.
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Debris-avalanche deposits are often divided into two texiu-
rally and sedimentologically different units, a block facies and a
mixed facies (Glicken, 1991 the mixed facies has been referred
to as matrix facies (Mimura et al., 1982; Ui, 1983, 1987; Crandell
et al., 1984; Glicken, 1986). Although both facies contain coarse
block sized as well as finer grained material, and may appear in
the same outcrop, their appearance differs (Table 2). Block facies
material, which dominates in most hummaocks, consists of seg-
ments of the volcano transported relatively intact (Fig, 8), Each
debris-avalanche block represents a single coherent edifice seg-
ment from centimeters to hundreds of meters in size and may
contain many clasts of block-sized material as well as finer
erained matrix. Block facies hummocks may consist of one large
clast, multiple clasts of a single rock type, or multiple deformed
and faunlted clast groups of varying lithologies.

With progressive fragmentation, block facies material is
transitional into mixed facies material that represents more
homogenized parts of the avalanche and is texturally more simi-
lar to mudflow deposits. Although mixed facies material may
contain small debris-avalanche blocks, it is dominated by finer
grained, more monochromatic mixtures of material that are
poorly graded and sorted and display little stratification.
Although in proximal areas block facies material may dominate,
in more distal areas block facies material may be a minor com-
ponent within mixed facies and/or lahar facies material that forms
broad intrahummock areas. Hummocks composed solely of
mixed facies marterial are rare and usually less than a few meters
high (Glicken, 1986, 1996), although many hummocks contain-
ing block facies material also contain variable amounts of more
homogenized matrix.

Al wetter avalanches in New Zealand, Palmer et al. (1991)
distinguished a third facies consisting of avalanche material that

L. Siebert

Figure 8. Lava-flow remnant on left over-
lving steeply dipping. slightly indurated
transported tephra layers in block facies
hummaock =30 km from Raung volcano,
Java, Exposure is ~20 m high.

had been transformed into lahars, was more thoroughly mixed.,
and contained few debris-avalanche blocks. In some cases, such
as at Mount Rainier in the Cascade Range and Orizaba in Mex-
ico, this facies may be volumetrically dominant. High water
contents are thought to derive from pore space in clay-rich,
hydrothermally altered rocks filled by melting of summit ice-
caps, causing early transformation of debris avalanches into
lahars (Carrasco-Nifez et al., 1993; Scott et al., 19935).

Debris-avalanche particles vary from silt size to extremely
coarse blocks, and deposits are usually poorly sorted and poorly
graded. The inverse grading reported at some dry, nonvolcanic
landslide deposits (Yamold and Lombard, 1989} is not as promi-
nent as at many lahar deposits (Scott, 1989), although Takarada
{1991} noted normal grading of lithic fragments and reverse grad-
ing of wood fragments. Debris-avalanche clasts are largely angu-
lar to subangular, but rounding can increase distally due to
abrasion and incorporation of rounded valley floor sediments (Ui
et al., 1986a). Grain-size analysis of debris-avalanche deposits
incorporating procedures to account for very coarse clasts at
Mount St Helens (Glicken, 1986, 1996) and Augustine {Siebert
et al., 1989) show that avalanche deposits typically have a
bimodal distribution and are more poorly sorted than pyroclas-
tic-flow deposits. Avalanche size and sorting data (Fig. 6) show
considerable overlap with data from lahar deposits, suggesting
that larger scale textural charactenistics are the more useful dis-
criminators { Siebert et al., 1993). Determination of representative
grain size and engineering properties data of volcanic debris-
avalanche deposits 1s complicated by the wide range of clast sizes
and the locally variable proportions of block facies and mixed
facies material; to date these properties have been investigated in
great detail only at the Mount 5t. Helens deposit {Voight et al.,
1981, 1983; Glicken, 1986,
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CASE STUDIES

Case studies of several volcanoes briefly illustrate the char-
acteristics of large volcanic debris-avalanche deposits, the vari-
ety of voleanic landforms affected by slope failure, and the types
of associated eruptive phenomena.

Mount St. Helens 1950

The 1980 collapse of Mount 5t. Helens was the first instance
in which a major slope failure at a volcano was observed and doc-
umented as it occurred. It resulted in the most detailed study of a
volcanic debris-avalanche deposit 1o date (Glicken, 1986, 1996),
and was responsible for focusing the attention of volcanologists
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worldwide on what had been an underappreciated volcanic hazard.
On May 18, following two months of earthquakes, deformation,
and phreatic eruptions accompanying magma intrusion into the
upper edifice, the summit collapsed. Collapse direction may have
been influenced by deflection to the north of the rising magma
body by the summit lava dome (Fig. 9). but the failure margin
truncated existing structures on all sides. The initial rockslide rap-
idly disaggregated into a debris avalanche that reached an esti-
mated velocity of =70 m/s by the time it reached the base of the
voleano. The retrogressive landslide traveled in three major pulses
as far as 26 km down the North Fork of the Toutle River (Fig. 10),
accumulating to an average thickness of 45 m over an area of
60 km? (Voight et al., 1981, 1983; Glicken, 1986, 1996). The sec-
ond and third landslide blocks (Fig. 9) were coincident with a lat-

Summit dacite doms 18 ""“p..
~ 370 year BP E ENENLAION
ye A prodibe
] -
Melres A Takus r_nantla from 1979 pralite | I| Andesile and subordinale basalt J'L.I;Ecu!u
el Summil doma lava Mows, Dreccia and scona of
- 1 ?
.. G mudeg; cona -~ 2500 10 1000 (7}
post-370 year BP L

§
{ Irilrusbon of | |II
Il march-May ll:aﬂ?ﬂ

Cicder M St Helans wolcanic
centrg, ~38 (00 to 2500 y i
BP; a complex ol nesbad
dacita doma ramnanls wilth
sulsondinate ghowing
avalanche deposils, debrnis
Floraes, and eross-cubling dikes

Teriary bedrock

Saa lavel

1 Rocks dacite dome:, ~180(7)-138 year BF

——Goat Aocks dome glowing
avalanche deposits, 138 year BP

Avalanche deposi of
18 My {mainly Coldwaberd g
Ridge unit, ¢, and Dunied
Mot Fork uril, m

Narth Fark Toutls
Awer bafora 18 May
Spend Lake Lodge

Pumiceous pyroclastic

Erngaan flows of 18 May ‘,__L_i :‘i_ __:-o—'—'—-—--"d:d.EIEIU
SR o, S -
Pyroclastic flows and kahars from - {en00
alder 31 Helens voleanic cantne
with thin carapace of lahars from
the modem cone iy ERERRINERESIE) ey

Figure 9. Cross-sectional view of 1980 collapse of Mount 5t. Helens showing prefailure and postfailure profiles and precollapse locations of slide
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eral blast that enhanced avalanche mohility. Both vield strengths
and viscosities are an order of magnitude higher for the initial
slide block than for the later slide blocks {Sousa and Voight, 1995,
Calculated shear strengths ranged from (L02 to (0.2 bar (Voight et
al., 19837 Glicken (1986, 1996} noted that shear increased where
the avalanche passed over topographic irregularities,

The degree of fragmentation of the Mount 5t. Helens
avalanche exceeds that of many other avalanches, in part result-
ing from disruption by blast explosions. The largest exposed clast
is 15 m long and 6.2 m high (Glicken, 1986); larger clasts are
found elsewhere in avalanches an order of magnitude smaller.
Most fragmentation of avalanches is thought by Glicken (1986,
1996) to occur near the source; the size and sorting parameters of
the Mount 5t. Helens deposit did not vary appreciably with dis-
tance, Size data range, however, decreased with distance as a
result of disaggregation and partial mixing during transport.
Glicken ( 1986} calculated a maximum water volume of 15% in
the deposit, most of which was derived from groundwater within
the prefailure edifice. Dewatering of the avalanche deposit pro-
duced a series of lahars with an average water content of 429
that rraveled down the North Fork of the Toutle River beginning 3
h after the avalanche stopped (Fairchild, 1987).

The 1980 Mount St. Helens avalanche, like a very similar
event at Bezymianny voleano in Kamchatka in 1936, occurred in
association with major magmatic eruptions. Phreatic eruptions
accompanied magmatic intrusions for 51 days prior to the May
18 slope failure, which led to a devastating lateral blast produced
by rapid unroofing of the hydrothermal-magmatic system within
the edifice by the landslide. Powerful Plinian explosions followed
that deposited tephra across several states, accompanied by pumi-
ceous pyroclastic flows that reached Spirit Lake. The eruption
caused 57 fatalities, mostly due 1o the lateral blast, and produced
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severe cconomic disruption. Lahars swept as far as the Columbia
River, destroying bridges and highways, and heavy ash fall
caused great disruption over broad areas. The eruption ended fol-
lowing episodic lava dome growth that continued until 1986,

Bandai 1888

On July 15, 1888, following a week of increased seismicity,
an eruption began with 15-20 rapid explosions on the north
flank of Kobandai volcano, the northernmost of a group of over-
lapping andesitic stratovolcanoes forming Bandai volcano in
north-central Honshu (Sekiya and Kikuchi, 1889). Eyewitnesses
ohserved the last explosion 1o be projected almost horizontally
northward, followed by growth of a 4-km-high vertical eruption
column that produced ash fall to the Pacific coast. Failure of the
north flank of Kobandai produced a 1.5 km? debris avalanche
that buried several villages and traveled 11 km to the north, leav-
ing a 1.5 » 2 km crater breached to the north (Fig. 11). Several
large lakes subsequently formed along drainages hlocked by the
avalanche (Fig. 12).

In contrast to the Mount 5t Helens event, no new magmatic
material was found in either the avalanche or air-fall tephra
deposits (Nakamura, 1978). A tephra deposit possibly originating
from a lateral blast was found below the southeast rim of the
source crater (Glicken and Nakamura, 1988), but no such deposits
were found on or beyond the avalanche deposit to the north,
Most of the 461 fatalities were caused by the north side debris
avalanche, which covered 34 km?, although some resulted from
the associated lateral blast or pyroclastic surge that downed trees
and houses on the southeast side. Three months after the avalanche,
the breakout of Akimoto Lake, formed by the avalanche, produced
downstream flooding, Collapse occurred at the juxtaposition of

% - 11 i -

..-; - el . ¥ 4 -

Figure 11, Sketch of 1888 Bandai debris-avalanche deposit from north about three weeks after eruption (Sekiya and Kikuchi, 1889) showing steam-
ing fissure within avalanche source area. Foreground hummocks were later covered by rising waters of Lake Hibara, Obandai peak forms summit
high point, dark jagged peak immediately below is Yugeta-yama, and Kushigamine is peak to left,
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{ Figure 12. Map of Bandai 1888 debris-

avalanche deposit, modified from Naka-
mura (1978), showing distal extent of
deposit now beneath lake waters (stip-
pled areas) from Sekiya and Kikuchi
(1889). K marks prefailure location of
Kobandai peak.

Obandai, Kushigamine, and Kobandai volcanoes, and failure
occurred at the unbuttressed north side of Kobandad (Fig. 12). Sur-
face loading of a sequence of thick lava flows overlying a basal
pyroclastic core (Fig. 2) may also have contributed to failure,

Some uncertainty surrounds the timing of the avalanche. Eye-
witness accounts and calculations of avalanche velocities suggest
that the avalanche occurred at the time of the initial explosions
(Sekiya and Kikuchi, 1889; Nakamura, 1978), but Yonechi (1987)
interpreted photographs from the southwest, apparently showing
Kaobandai still standing 1.5 h after the onset of the eruption, to
indicate that the avalanche occurred at an undetermined time later

on July 15, A sketch by Sekiva and Kikuchi (1889) from the same
angle four weeks after the eruption, however, also shows a peak of
roughly the same size and location as on the photograph. This
peak is thus unlikely to be Kobandai, which would already have
been removed by the avalanche, but a subsidiary peak of Kobandai,
Yugeta-yama (Figs. 11 and 13), that was later subdued by slump-
ing of the crater rim.

Major slope failures had occurred previously at least three
times at Bandai. The largest, ca. 70 ka, produced a 4 km* avalanche
that traveled 25 km to the southwest (Inokuchi, 1988). Failure
again occurred in the same direction when a composite cone



222

'!a Top of ﬁ::hndnl
*®

= Y‘?““{.{Eﬁr : . t; P IGMI\IE
e Mg N

Section. e e

;
H{m

YT HTD sresinmia

T A4 2 T f
© 1170 m above sea level

2 km

Figure 13, Map and cross-sectional view of 1888 Bandai slope-failure
source area {Sekiya and Kikuchi, 1889)

constructed within the earlier collapse scarp failed. Small-scale
toreva blocks are present near the source of a vounger third
avalanche down Biwa-sawa valley on the east side. The source
areas of all four slope failures are still visible, although the first
two are largely filled by postcollapse reconstruction,

Unzen, 1792

In contrast to the 1950 Mount 5t. Helens and 1888 Bandai
slope failures, the 1792 collapse of the dacitic Mayu-yama lava
dome at the Unzen volcanic complex, Japan's most severe vol-
canic disaster, was not accompanied by explosive eruptions.
Although phreatic explosions had often been considered to have
triggered the Mayu-yama (Mae-yama) collapse, Katayama (1974)
documented that no eruptions occurred at Mayu-yama. Katayama
noted the lengthy descriptions of an eruption at the neighboring
volcano of Fugen-dake and considered it inconceivable that

L. Sighert

residents would not have mentioned eruptive phenomena closer
at Mayu-vama.

Unusually detailed historical records provide insights into the
collapse and events leading up to it. An earthquake swarm at the
western end of the Shimabara Peninsula beginning November 3,
1791, reached its peak in the middle of November, then declined.
Audible detonations in mid-January, 1792, preceded explosive
activity that began about February 10 at Fugen-dake, 5 km west
of Mayu-yama and the location of the recent 1990-1994 eruption
(Ogawa and Homma, 1926; Katayama, 1974). Beginning on
March 1, a 0.11 km? lava flow was extruded from two vents on
the northeast flank that eventually traveled 2.5 km, overrunning
one hamlet (Fig. 14). On April 21, more than 300 felt earthquakes
formed fissures to | km long and caused extensive damage in the
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Figure 14, Contemporary sketch of part of Unzen volcanic complex
from east showing Tengu-yama (southern peak of Mayu-yama lava
dome) prior to edifice failure. Fugen-dake, smoke columns from north-
east flank vents, and 1792 lava flow form background, Foreground
island hummocks are from pre-1792 debris avalanche. After Noguchi
and Ono {1986).
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coastal town of Shimabara. Loud detonations sounding to resi-
dents like guns from a Dutch frigate came from Mayu-yama,
and rockfall produced dust clouds that at times obscured the
mountain from Shimabara. Fear of a landslide prompted most
of the residents to flee to the north, abandoning their homes. On
April 29, part of the lava dome slowly slid 200 m eastward. By
the middle of May, however, seismicity had subsided, and resi-
dents returned to their homes,

At 8 pom. on May 21, two intense earthquakes occurred, and
(.34 km? of Tengu-yama, the southern of the two lava domes
forming Mayu-yama, failed to the east; an avalanche was pro-
duced that swept into the Ariake Sea, extending the shoreline by
almost 1 km and forming the Tsukumo-shima (MNinety-nine
Islands). The avalanche passed south of the main part of
Shimabara, overrunning two outlying villages. About 80% of the
avalanche entered the sea (Fig. 15), filling up Shimabara harbor
and producing a tsunami with three major wave crests that swept
over the most populated portion of the town and devastated a
76 km stretch of the Shimabara Peninsula coastline, causing 9528
fatalities. The tsunami traveled 20 km across the Ariake Sea,
resulting in another 4996 fatalities in Higo and Amakusa
provinces. This volcanogenic tsunami, second in devastation only
to the 1883 Krakatau tsunami, caunsed =14 500 fatalities, injured
another 1500, and swept away nearly 6000 houses and 1600
boats, along with 756 cattle and horses.

Bathymetric surveys reveal the submarine extent of the
avalanche, which covers ~15 km? and traveled 6.5 km from
Mayu-yama (Fig. 16), The submarine part of the debris avalanche
displays morphological features typical of subaerial debris-
avalanche deposits. The dominant orientation of avalanche hum-
mocks changes from radial in the subaerial part to transverse in
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the distal submarine segment, where ridges as long as several
kilometers are common.

The immediate trigger of the avalanche appears to have been
the earthquakes of May 21, but elevated pore pressures within the
edifice set the stage for collapse. Ota (1973) proposed that failure
was due to saturation of the volcanic cone by hydrothermal
waters preceding movement of magma along an inclined plane
from Chijiwa caldera to the west. Progressively shallowing earth-
quakes migrating eastward ceased after the failure, and large
quantities of hot water poured from the scarp in the weeks to fol-
low, forming a pond at the base of the scarp and a lahar that
reached the coast.

Sketches made of the Shimabara area prior to the 1792 land-
slide also show many 1sland hummocks from a previous landslide
iFig. 14). Bathymetry shows an area of hummocky topography
and closed depressions extending several kilometers north of the
1792 debris avalanche from this older prehistoric avalanche.

Augustine 1883

Augustine volecano in Cook Inlet, Alaska, has undergone fre-
quent, repetitive slope failure. The repeat rate of edifice collapse
on this small, 1250-m-high andesitic lava dome complex is the
highest currently known at any volcano; at least 11 events were
documented during the past 2 k.y. (Begét and Kienle, 1992; Wain
and Begét, 1996). The most recent landslide occurred on October
6, 1883, when the summit of Augustine collapsed (Fig. 17},
producing the Burr Point debris avalanche that swept into the
sea on the north coast of the 1sland (Siebert et al., 1989, 1995),
Much of the proximal portion of the avalanche deposit is cov-
ered by postcollapse pyroclastic-flow deposits, but along the

Figure 15, Postcollapse sketch from east
showing extended shoreline and newly
formed islands from 1792 failure of
Mayu-yama. Tsunami runup reached Ote-
mon gate at southeast corner of Shimabara
castle (asterisk). After Katayvama (1974),
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Mayu-yama

Figure 16, 1792 Unzen avalanche deposit
(shaded area). Avalanche source area at
Mayu-vama is shown by hachures. Sub-
aerial avalanche hummocks (black areas)
extend radially away from Mayu-vama
and form islands in Ariake Sea; lines
show largely transverse orientation of
submarine avalanche-deposit  ridges,
resulling from deceleration of avalanche
as it entered sea (Siebert et al., 1995).
Heavy solid line marks modern shore-
line; dashed line to west is approximate
location of pre-1792 shoreline {after Ota,
1969). Submarine extent of avalanche is
from bathymetry of Geographical Survey
Institute (1982). Dotted line is modern
boundary of Shimabara City. Contour
interval is 100 m.

i

Pre-1883

1883

Figure 17. Low-angle aerial oblique perspectives of Augustine from
northeast inferred from precollapse sketch and postcollapse photo-
graph. Volume differential is (L23 km® (Siebert et al., 1989), Base of
perspective blocks is al sea level, summit is ~ 12000 m, width of failure
scarp is just < km,

coast the avalanche deposit forms abundant hummocks and small
islands to ~10 m in height. Large fragments of the summit lava
domes with a maximum exposed dimension of 25 m traveled as
far as the present shoreline, Bathymetry and the location of the
still-visible pre-1883 shoreline (at about the 200 fi contour in
Fig. 18} indicate that the avalanche traveled -4 km beyond the
1883 coast. Like the 1792 Unzen deposit, the submarine portion
of the Burr Point avalanche deposit (including areas now above
sea level) displays a series of transverse ridges, attributed to decel-
eration of the avalanche as it entered the sea (Sicbert et al., 1995).

Magmatic eruptions following the collapse produced pyro-
clastic flows and surges that reached the new coastline, air-fall
tephra that extended across Cook Inlet, and a lava dome that
filled much of the landslide scarp. A north flank lava flow that
appears to originate within the 1883 landslide scarp is considered
to have formed in this eruption (Siebert et al., 1989, 1995),
although Whaitt and Begét (1996) inferred a slightly earlier pre-
historical date. A tsunami was reported by Davidson (1384) o
have caused damage to a village across Cook Inlel.

Structural influences on collapse are less pronounced at
Augustine, where volcanism has been concentrated at a single
central conduit, and previous collapses have produced subaerial
and submarine avalanche deposits that ring the island (Begét and
Kienle, 1992), The West Island debris avalanche (Fig. 7), ca. 367
4C yr B.P., was among the largest (~0.5 km?). It traveled 11 km,
forming West Island, and was accompanied by a small lateral
blast (Sicbert et al., 1989, 1995). The high edifice failure rate at
Augustine has produced a volcaniclastic apron surrounding the
volcano several times the volume of the edifice. An equilibrinm
between volcano growth and destruction at rates of 1-3 % 100 m¥/yr
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Figure 18, Map of Augustine Island
showing areal extent of Burr Point debris-
avalanche deposit (darker stipple pattern;
much of proximal area is overlain by
pyroclastic-flow deposits). Dashed lines
mark submarine terminus of this and
other debris-avalanche deposits. Contour
interval is 200 ft (61 m).

has existed over the past 2 k.y, (Begét and Kienle, 1992; Sicbert
et al., 1993).

Socompa

Voledn Socompa, a 6051 m stratovolcano in the central
Andes straddling the Chile-Argentina border, collapsed ~7200 yr
ago, producing a large debris avalanche that swept 37 km to the
northwest (Fig. 19). Long-term studies by Peter Francis and col-
leagues over the past decade have made this remote avalanche
deposit one of the better known. Although ground access to part
of the deposit is facilitated by a railroad line, the scale of the
deposit has necessitated extensive use of remote-sensing applica-
tions to characterize it (Francis et al., 1985; Francis and Self,
1987, Wadge et al_, 1995).

Collapse involved a 707 sector of the northwest side of the
andesitic-dacitic composite volcano, leaving a triangular-shaped
source area 10 km wide at the breach. The Socompa collapse is
unusual in that a large component of the failure mass {estimated
as large as 44 km?® by Wadge et al., 1993) remained within the
source area in the form of massive rotated toreva and other blocks
that did not disaggregate. The detachment surface truncated por-
tions of the basement beneath the composite cone (Fig, 20), as seen
from the inclusion of pre-Socompa mudflow and pyroclastic-
flow deposits and Tertiary volcaniclastic gravels within the debris-
avalanche deposit. Gravitational loading of thick dacitic and
andesitic lava flows and domes over a pyroclastic-rich basement

substrate may have contributed to structural failure; the presence
of an associated explosive deposit and fresh, glassy dacite blocks
with breaderust jointing within the avalanche deposit also points
to the role of magma that was present within the edifice at the
time of collapse.

Originating from an arid-region volcano that was not
extensively glaciated, the Socompa avalanche was substantially
drier than the 1980 Mount 5t. Helens and many other debris
avalanches. This lack of water is reflected in the absence at
Socompa of the bimodal block facies and mixed facies compo-
nent common at many other avalanche deposits and by the
absence of a distal mudflow facies. The prominent lateral levees
that exceed 40 m in height on the northern and western distal
margins and the relative thickness of the deposit in unconfined
terrain, estimated to be 60 m along the axis of the deposit o 1ts
distal end, are also evidence of the relatively dry character of
the Socompa avalanche.

Failure, as at Mount 5t. Helens, was retrogressive, involving
headward migration of muldiple slide blocks. A prominent
50-m-high scarp cutting diagonally across the deposit results
from the overriding of earlier deposited material by a later
avalanche lobe (Wadge et al., 1995). Modeling of the centroids of
prefailure and displaced masses show a potential energy loss of
3.8 3 1007 J, five times that at Mount St. Helens. Some compo-
nents of the avalanche with the least potential energy traveled the
farthest, suggesting a momentum tansfer from the rear to front of
the failed mass (Wadge et al., 1995).
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Figure 19. Map showing subunits of Socompa debris-avalanche deposit
and toreva blocks (black) that slid to base of source area without disag-
gregating (Wadge et al., 1995).

Magmatic eruptions accompanied the collapse, including a
thin pyroclastic flow that extended beyond the western and
southern margins of the avalanche deposit (Francis and Wells,
1988). Copious dacitic lava flows have subsequently filled
much of the source area.

Postulated retrogressive
failure swiaces

50

nated by hundreds of small hills and ridges, decreasing in size and
number to the northwest, that rise above a flat valley floor. This
topography had previously been variously interpreted as individual
volcanic vents, moraines, or stream-dissected volcanics, but it drew
the attention of geologists who had worked on the Mount St
Helens avalanche deposit and recognized the landslide origin of the
Shasta Valley deposits (Crandell et al., 1984). Individual hum-
mocks are of circular to irregular shape and range to 173 m in
height, Sinuous ridges, often oriented transverse to transport direc-
tion, are present, the largest reaching a length of 89 km and a
maximum height of 210 m. In the central part of Shasta Valley the
avalanche was diverted around a number of Tertiary hills.

Block facies material includes lava-flow remnants and exten-
sive stratigraphically upright segments of pyroclastic-flow, lahar,
and air-fall deposits, sometimes with intervening soil horizons,
offset by normal faults. Individoal blocks range to hundreds of
meters in length. The mean size (220 m) of block facies segments
that consisted of pyroclastic materials was twice the size of those
composed of massive lava flow remnants, suggesting that stress
within the transported pyroclastic blocks was accommodated by
deformation rather than brittle fracturing (Ui and Glicken, 1986,
The more fluid mixed facies material drapes many hummocks
and fills broad interhummock areas (Fig. 22), distally forming
veneers on valley walls. Proximal portions of the mixed facies
material predominantly contain angular to subangular pebbles of

A

Figure 20. Cross-sectional profiles of
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Socompa before (A) and after (B) col-
lapse {after Wadge et al., 1995). Shaded
B ared in lower view is present profile.
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Mount Shasta lithologies; more distal portions contain progres-
sively increasing amounts of rounded to subrounded non-Shasta
rocks scoured by and incorporated in the avalanche, Despite the
age of the deposit, its surface is relatively undissected.

The Shasta avalanche had a higher water content than the
Mount 5t. Helens avalanche, The mixed facies was wetter (22.5%
water in one sample measured) and is considered 1o have partially
drained away after more coherent block facies material came to a
rest (Crandell, 1989). Boulders of Mount Shasta lithologies are
found as much as 100 m above the surface of the avalanche
deposit and represent a lag deposit formed when the still-fluid
mixed facies material drained away. No evidence was found of
contemporaneous volcanic eruptive activity, Failure was subper-
pendicular to a north-south—trending fissure that fed a series of
modern Mount Shasta cinder cones and lava domes; however,
these and other Quatermnary eruptions of Shasta have buried
almost all remnants of the avalanche source area, obscuring evi-
dence of prefailure structures,

Raung

Collapse of Raung volcano at the eastern end of Java pro-
duced Indonesia’s largest known debris avalanche. The avalanche
deposit was first recognized by Neumann van Padang (1939),
who described a large hummocky deposit that extended 60 km
from its source on Gunung Gadung, a composite volcano on the
cast flank of 3332-m-high Raung volcano, 4 km from the Raung
caldera rim. Recent work has traced the deposit to 79 km from
the source headwall (Siebert et al., 1996). The deposit covers an
area of =1000 km? east and southeast of Gunung Gadung, filling
the broad valley between the Iyang-Argapura volcanic complex
and Tertiary mountains that extend to the coast (Fig. 23). Failure
direction to the east was influenced by the buttressing effect of
Gunung Raung immediately to the wesL
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Figure 21. Map of Shasta Valley debris-avalanche deposit (Crandell
et al.. 1984},

The proximal area extending 30 km from the breached source
area toward the city of Jember contains abundant hummocks to
~75 m height consisting of segments of lava flows in varying
stages of fragmentation and thick sequences of slightly indurated,
flat-lying 1o steeply dipping tephra layers usually several tens of

Figure 22. Block facies hills of Shasta
Walley debris-avalanche deposit (Cran-
dell, 198%9) viewed from 40 km northwest
of Mount Shasta, with mixed facies
material in foreground.
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Figurs 23, Preliminary 1:250000-scale map of debris-avalanche deposit from Gunung Gadung, Proximal area contains abun-
dant closely spaced hummocks; x symbols mark sparser hummocks and hummock clusters in distal area southeast of city of
Jember. Irregular contours and small circles in distal area outline six Tertiary bill outliers. Contour interval is 500 m; addi-
tion of 100 m contour is to help delineate Miocene hills south of avalanche deposit. Hachures outline Gunung Gadung
avalanche caldera and summit caldera of Raung volcano; hachured area within avalanche scarp is probable remnant of pre-

failure surface, Gunung Malang,

centimeters thick (Fig. 8). Mixed facies and/or lahar facies mate-
rial containing scattered subangular clasts in a finer matrix domi-
nates in the distal portions of the deposit, deflected to the south by
the Iyang- Argapura complex. Distal hummocks are smaller {usu-
ally <200 m high), fewer, more widely scattered, and consist pri-
marily of the bedded tephra layers found in the proximal area.
Hummocks occur to the extreme distal end of the deposit
iFig. 231, which diverted local drainages. The avalanche tlowed
around six Tertiary hill outliers in the flat-lying distal area. Distal
hummaocks are often preferentially stranded adjacent to these hills,
which reversed the local gradient. Clastic dikes, to =1 m wide,
were ohserved in both proximal and distal hummocks.

The avalanche lefi a large horseshoe-shaped caldera 13 km
long and 8.5 km wide at the breach (Fig, 24), reducing the height
of Gunung Gadung from an estimated 2800-3000 m to 2399 m.
Gunung Malang, a steep-sided, flat-topped 1-km-wide ridge par-
allel to the caldera walls, is composed of lavas similar in altitude
and lithology to those forming the caldera walls, and is considered
to be a remnant of the prefailure edifice that either moved only a
short distance (Neumann van Padang, 1939), or remained in place
when the failure plane bifurcated. Proximal avalanche material
restricted drainage, forming ephemeral lakes on either side of
Gunung Malang within the avalanche caldera. Restoration of con-
tours, assuming that the Gunung Gadung failure plane (Fig. 235)
had the same slope angle as at the morphologically similar
Galunggung slope lailure in western Java, produces an estimated

failure volume of 20 km?. Dilation of avalanche material during
emplacement is typically 25% (Siebert et al., 1987} this would
result in an estimated deposit volume at Raung of 25 km?,

Although unequivocal new magmatic material was not
observed in the avalanche deposit, associated explosive activity,
which could have left deposits that underlie the avalanche
deposit, 15 not excluded. A thin unit near the top of portions of
some hummocks that bears some resemblance to a lateral-blast
deposit (H. Glicken, 1990, personal commun.) was not seen in
interhummaock sections or outside the avalanche deposit. This
raises the possibility that it was an allochthonous deposit predating
the collapse, although the origin of this unit remains uncertain.
A widespread three-layer pumiceous air-fall unit and other
tephras overlie the proximal part of the avalanche deposit, but
intervening soil layers indicate that they postdate the avalanche.
Postcollapse eruptions have constructed the Gunung Pajungan
stratovolcano within the avalanche caldera to the height of its rim,
along with a small cinder cone on its east-northeast flank.

Koolau

The surge of interest in subaerial volcanic landslides follow-
ing the 1980 Mount St. Helens eruption also led to the recogni-
tion of many submarine landslide deposits from oceanic shield
volcanoces. Since 1980, dozens of massive submarine landslides
of late Tertiary to Pleistocene age have been recognized in the
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Hawaiian Islands (Fig. 26; Moore et al., 1994), and this process is
relatively common at other oceanic volcanoes (Holcomb and
Searle, 1991} These landslides are massive in scale, one to two
orders of magnitude more voluminous than the largest Cuater-
nary avalanches from continental voleanoes. Rapid gravitational
[ailures producing long-runout debris avalanches and long-term
slower failures creating deep-seated slumps are observed at oce-
anic and coastal voleanoes (Moore et al., 1994: McGuire, 1996).

The Nuuanu debris avalanche traveled 230 km from its
source on Koolau volcano on the Hawaiian island of Oahu, cov-
ering an area of 23 000 km?. Its estimated volume is ~5000 km?
{Moaore et al., 198%). The avalanche, later partially overlapped by
an avalanche from Molokai volcano, crossed the axis of the
Hawaiian Deep, and traveled an additional 140 km up a gentle
slope of 300 m (Fig. 26). A large number of giant tiltled blocks
{the largest 30 x 17 km wide and 1.8 km high) slid 50 km or more
and may be analogous to the toreva blocks described at Socompa
voleano. Scattered hummocks ranging to 1 km in width are found
at the distal end of the deposit. The landslide source area is visi-
ble in bathymetry and suggests removal of (1.7-1.1 km of mate-
rial. A 40-km-long dike swarm on Koolan volcano at the head of

Raung Caldera

Figure 24, Failure scarp (dashed line) of
landslide from Gunung Gadung is 8.5 km
wide in photo, Postcollapse eruptions
have constructed Gunung  Pajungan
{solid line) near failure headwall. Raung
violcano is in background.

the scarp is oriented normal to the failure direction and may have
influenced collapse direction. A common feature of source areas
of submarine failures is the development of deeply incised
canyons formed by rapid subaerial erosion of oversteepened,
recently stripped slopes that were later submerged by regional
subsidence (Moore et al., 1994),

The morphology of these massive submarine avalanche
deposits is comparable to those of subaerial avalanches, suggest-
ing that the submarine avalanches also involve rapid flow, with
attendant tsunami hazard (Moore et al., 1994). The failure of
low-angle shield volcances with slopes <107 likely involves
mechanisms in addition to those at subaerial stratovolcanoes,
Ellswaorth and Voight (1993) noted the failure-triggering poten-
tial of excessive pore pressures produced by laterally extensive
dike intrusions. Large masses of cumulate olivine at the base of
the volcanic pile, where temperature-pressure conditions produce a
flowing mass with a rheology similar to ice, are considered to con-
tribute to the slope instability of oceanic shield voleanoes {Clague
and Denlinger, 1994), Recent studies have related magmatic-head
pressure o Kilauea south flank instability (Borgia, 1994; Dvorak,
1994; Tverson, 1995; Denlinger and Okubo, 1993),

Figure 25. Cross-sectional view of
Gunung Gadung avalanche caldera show-
ing inferred profiles before and after col-
lapse; shaded area is current profile,
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Figure 26. Debris avalanches along
southeastern Hawaiian Ridge (Moore et
al., 1989). Dotted areas show hummock
groups, thin lines near source areas arg
submarine and related subaerial canyons,
and thin hachured lines are scarps. Heavy
dark line marks axis of Hawaiian Deep,
dash-dotted line marks crest of Hawaiian
.| Arch,

HAZARDS

Large volcanic landslides can be among the most hazardous
events at volcanoes, Although the repeat rate is low at individual
volcanoes, their great mobility distributes large volumes of mate-
ral great distances beyond the volcano at rates that preclude
effective hazard mitigation after they occur. Harard risk assess-
ment al volcanoes has focused on the estimation of likely travel
distances of future avalanches. This has been done using proce-
dures including the use of empirical data from many avalanches
to characterize fall height/travel distance ratios, the scale model-
ing of analogous physical substances, or the theoretical dynamic
modeling of flow behavior. A rough first approximation of the
mobility of large debris avalanches can be empirically character-
ized by the ratio of height to runout distance (H/L) of avalanche
deposits (Ui, 1983; Voight et al., 1983; Schuster and Crandell,
1984; Siebert, 1984; Ui et al., 1986b; Sicbert et al., 1987; Francis
and Wells, 1988; Crandell, 1989; Hayashi and Self, 1992). The
effect of volume on travel distance (Fig. 4} can be considered by
using characteristic H/L ratios of avalanches in different size
classes, which can be related to edifice size (Siebert, 1996),
Energy-line calculations such as these overestimate velocity and
underestimate travel time and do not consider rheological and
other factors influencing movement. More complex calculations

that more closely factor in emplacement mechanisms have suc-
cessfully been applied retrospectively to the Mount St Helens
avalanche (McEwen and Malin, 198%; Sousa and Voight, 1991,
1995). However, difficulties in precisely anticipating the poten-
tial volume, rheology, and other model parameters make deter-
mining the precise runouts of future avalanches problematical.

Hazards of landslides at volcanoes can be exacerbated by
eruptions that accompany, or are riggered by, collapse of the edi-
fice. Associated eruptive activity can range from mild to moderate
phreatic explosions to major Plinian eruptions that deposit pumice
and ash over wide areas. In some cases, powerful lateral explosions
resulting from the sudden depressurization of hydrothermal-
magmatic systems by removal of edifice slide blocks, such as
ocowmed at Bezymianny volcano in Kamchatka in 1956 and Mount
St Helens in 1980, can devastate hundreds of square kilometers.
Relatively few directed-blast deposits of this type have been
described, and many collapse events with associated magmatic
eruptions have not produced lateral explosions. Lateral blasts on
the scale of Mount 5t. Helens (Hoblitt et al., 1981; Moore and Sis-
son, 1981; Waitt, 1981; Fisher et al., 1987) have to date been doc-
umented in association with avalanches only at Bezymianny
(Gorshkov, 1959; Bogovavlenskaya et al., 1985; Belousov, 1996)
and possibly at Taunshits volcano in Kamchatka (Melekestsev et
al., 1990}, Guagua Pichincha volcano in Ecuador (Barberi et al.,
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1992}, and Popocatépetl in Mexico (Siebe et al., 1993). Smaller
directed blasts have been described at Soufriere Guadeloupe
{Boudon et al., 1984}, Augustine (Siebert et al., 1989, Cerro Que-
mado (Conway et al., 1992}, Komaga-take (Yoshimoto and Ui,
19977, and possibly Bandai (Glicken and Nakamura, [988).

The occurrence of this type of laterally directed explosion is
related to the degree of coincidence of landsliding and explo-
sions; the landslides also serve to deflect the explosions and con-
tribute material to the ensuing horizontally traveling pyroclastic
density currents (Siebert, 1996). Deposits from pyroclastic surges
and pumiceous pyroclastic flows, both texturally distinet from
lateral-hlast deposits, have been noted overlying debris-avalanche
deposits at many voleanoes and ofien result from open-vent pro-
cesses that follow removal of the landslide mass.

Lahars form in relationship to debris avalanches over a wide
time frame. Lahars can form directly by transformation from
debris avalanches during emplacement (Pierson, 1985, Scott et
al., 19935, from dewatering of debris-avalanche deposits shortly
after emplacement (Fairchild, 1987), or from breakouts of
avalanche-dammed lakes weeks to many months after the
avalanche. Although these lahars are of lower velocity than debris
avalanches or lateral blasts and are more constrained by topogra-
phy, they can travel significantly farther, and cover broad lowland
areas, with great impact. Inundation levels within confined val-
leys of large-scale lahars resulting from sector collapse may reach
100 m or more above the valley-floor deposits they leave (Scott
and Vallance, 1995).

Another indirect hazard of volcanic landslides is tsunamis,
which result from the impact of debris avalanches into the sea or
inland lakes. Their effect is considerable; nearly 0% of the
~25000 historical fatalities from large volcanic landslides derived
from tsunamis (Siebert, 1996). In addition to the Unzen devasta-
tion in 1792, tsunamis were the principal cause of fatalities at five
other historical slope failure events, Kienle et al, (1987) and
Smith and Shepherd (1996) modeled potential regional effects of
tsunamis from volcanic landslides, which can affect areas several
hundred kilometers from the volcano.

Although only a small fraction of the potential energy of a
landslide is converted into tsunami energy, nearshore wave
amplification has produced runups in historical time of as far as a
few tens of meters from volcanic landslides (Siebert et al., 1987).
Muodeling of tsunami propagation is complicated by difficulties
in accurately estimating the initial wave displacement and by the
complexity of nearshore runup calculations. Nearshore wave
heights can range widely due to variable wave amplification
influenced by local bathymetry, resonance effects, and other fac-
tors (Kowalik and Murty, 1992},

SUMMARY

Following renewed focus on volcanic mass movements after
the 1980 eruption of Mount St. Helens, massive volcanic landslides
have been reported at more than 330 Quaternary volcanoes. Vol-
canic landslides are more mobile (HVE 0.04—0.20) than nonvolcanic
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landslides. Their deposits are morphologically and texturally sim-
ilar to those of many nonvolcanic landslides, but are typically
substantially more voluminous (10! to =10* km*) and have trav-
eled longer distances (often tens of kilometers to =100 km),
Landslides may occur at volcanoes in the absence of eruptions,
but they often trigger, or are accompanied by, large explosive
eruptions that may include devastating lateral blasts.

Successful hazard mitigation for large voleanic landslides
requires prefailure evacuation of areas likely to be affected. The
high mobility of volcanic debris avalanches places large areas of
dense population within risk. However, the low recurrence rate of
avalanches at individual volcanoes often effectively precludes
harzard zoning that restricts occupancy of potentially affected
areas. The difficulty of anticipating whether edifice failure will
occur during a given eruption (or in the absence of an eruption)
can produce severe political and economic problems, even for
shorter term hazard mitigation efforts.
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