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Catastrophic Debris Flows Transformed from
Landslides in Volcanic Terrains: Mobility,
Hazard Assessment, and Mitigation

Strategies

By Kevin M. Scott!, José Luis Macfas?, José Antonio Naranjo®, Sergio Rodriguez*, and John P. McGeehin'

ABSTRACT

Communities in lowlands near volcanoes are
vulnerable to significant volcanic flow hazards in
addition to those associated directly with erup-
tions. The largest such risk is from debris flows
beginning as volcanic landslides, with the poten-
tial to travel over 100 kilometers. Stratovolcanic
edifices commonly are hydrothermal aquifers
composed of unstable, altered rock forming steep
slopes at high altitudes, and the terrain surround-
ing them is commonly mantled by readily
mobilized, weathered airfall and ashflow depos-
its. We propose that volcano hazard assessments
integrate the potential for unanticipated debris
flows with, at active volcanoes, the greater but
more predictable potential of magmatically
triggered flows. This proposal reinforces the
already powerful arguments for minimizing
populations in potential flow pathways below
both active and selected inactive volcanoes. It
also addresses the potential for volcano flank
collapse to occur with instability early in a
magmatic episode, as well as the “false-alarm

ys. Geological Survey, nstituto de Geofisica,
Universidad Nacional Auténoma de México, 3Servicio
Nacional de Geologia y Minerfa, Chile, 4Instituto de
Geologia, Universidad Nacional Auténoma de México

problem”—the difficulty in evacuating the poten-
tial paths of these large mobile flows.

Debris flows that transform from volcanic
landslides, characterized by cohesive (muddy)
deposits, create risk comparable to that of their
syneruptive counterparts of snow and ice-melt
origin, which yield noncohesive (granular)
deposits, because: (1) Volcano collapses and the
failures of airfall- and ashflow-mantled slopes
commonly yield highly mobile debris flows as
well as debris avalanches with limited runout
potential. Runout potential of debris flows may
increase several fold as their volumes enlarge
beyond volcanoes through bulking (entrainment)
of sediment. Through this mechanism, the
runouts of even relatively small collapses at
Cascade Range volcanoes, in the range of 0.1 to
0.2 cubic kilometers, can extend to populated
lowlands. (2) Collapse is caused by a variety of
triggers: tectonic and volcanic earthquakes,
gravitational failure, hydrovolcanism, and
precipitation, as well as magmatic activity and
eruptions. (3) Risk of collapse begins with initial
magmatic activity and increases as intrusion
proceeds.

An archetypal debris flow from volcanic
terrain occurred in Colombia with a tectonic
earthquake (M 6.4) in 1994. The Rio Péez
conveyed a catastrophic wave of debris flow over
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100 kilometers, coalesced from multiple slides of
surficial material weakened both by weathering
and by hydrothermal alteration in a large strato-
volcano. Similar seismogenic flows occurred in
Mexico in 1920 (M ~6.5), Chile in 1960 (M 9.2),
and Ecuador in 1987 (M 6.1 and 6.9). Velocities
of wave fronts in two examples were 60 to 90
km/hr (17-25 meters per second) over the initial
30 kilometers.

Volcano flank and sector collapses may
produce untransformed debris avalanches, as
occurred initially at Mount St. Helens in 1980.
However, at least as common is direct transfor-
mation of the failed mass to a debris flow. At
two other volcanoes in the Cascade Range—
Mount Rainier and Mount Baker—rapid
transformation and high mobility were typical of
most of at least 15 Holocene flows. This danger
exists downstream from many stratovolcanoes
worldwide; the population at risk is near 150,000
and increasing at Mount Rainier.

The first step in preventing future catastro-
phes is documenting past flows. Deposits of
some debris flows, however, can be mistaken for
those of less-mobile debris avalanches on the
basis of mounds formed by buoyed megaclasts.
Megaclasts may record only the proximal phase
of a debris flow that began as a debris avalanche.
Runout may have extended much farther, and
thus future flow mobility may be underestimated.
Processes and behaviors of megaclast-bearing
paleoflows are best inferred from the
intermegaclast matrix.

Mitigation strategy can respond to volcanic
flows regardless of type and trigger by:
(1) Avoidance: Limit settlement in flow pathways
to numbers that can be evacuated after event
warnings (flow is occurring). (2) Instrumental
event-warning systems: Rapid recognition of
the seismic signal of a collapse and/or the acous-
tic signal of a moving debris flow. (3) Education
for Self Warning and Evacuation (ESWEYV) is
advice to residents in flow pathways near volca-
noes to seek high ground after any seismic shock
or prolonged rumbling noise. (4) Engineering
measures: (a) With inexorable population
increases, and in areas already with high popula-
tion densities, any new engineering works for
flood control also can be designed to impound

2 Catastrophic Debris Flows Transformed from Landslides in Volcanic Terrains

volcanic flows. (b) Advance planning at volca-
noes like Mount Rainier can facilitate rapid
construction of lahar diversion and impoundment
structures when magmatic activity is detected and
the risk of collapse escalates.

|

\

INTRODUCTION

Volcanic debris flows (lahars) form when
snow and ice are melted by volcanic heat, water
is released from a crater lake or a natural dam
formed by a volcanic flow, or rainfall runoff
erodes recent volcanic deposits. These hazards
are well known (Neall, 1976 and 1996; Major and
Newhall, 1989). We summarize the origin and
behavior of a second type of volcanic debris
flows, which transform directly from landslides
on volcanoes and in the terrain surrounding
volcanoes (fig. 1). The risks of these flows are
poorly known, although comparable to the risks
posed by the first category. The need for aware-
ness of this second type of risk extends from the
villagers in remote Andean valleys to the plan-
ning and emergency response staffs of agencies
in the areas around Cascade Range volcanoes.
We describe long-term mitigation strategies from
micro to macro in scale, including networks of
Acoustic Flow Monitors (AFM’s) that can
operate continuously in some high-risk areas.

Two recent disasters in Colombia illustrate
the two flow types. Cads&ophic debris flows
occurred in the areas below nearly identical
active stratovolcanoes, both over 5,000 m in
altitude and 200 km apart on the crest of the
Cordillera Central. First, on November 13, 1985,
during a relatively small eruption of Volcédn
Nevado del Ruiz, pyroclastic flows melted snow
and ice to form meltwatér surges that eroded
volcaniclastic sediment t& form debris flows, a
series of which killed 21)000 people in the city of
Armero and another 2, OdO elsewhere (Pierson
and others, 1990; Voight, 1996). Then, on
June 6, 1994, a tectonic earthquake triggered
landslides on and near Volcdn Nevado del Huila
which coalesced to form a flow that killed as
many as 1,000 people along the Rio Péez.

We initially describe the second flow and its
poorly known analogs. Then, because the key to
preventing future disasters is knowing past




Large Volcanic Debris Flows
Why two textural subpopulations?— A dichotomy of source and process
) Deposit
Sources Processes A Texture of Distal interpretation
of origin debris flow behavior of flow risk
Fines rerpaved by ENTRAINMENT Noncohesive Transforms to Syneruptive
explosive and IN MELTWATER (< ~3 - 5%) hyperconcentrated | occurrence
hydra_u//c SURGES (granular or and normal
sorting clay-poor) streamflow
ici
sl 1N Diluted with | PROBABLE
‘b overrun PRE-EVENT
- streamflow ; WARNING
-. . ‘,.
N AT
i COLLAPSE Cohesive Does not Seismogenic,
N (>~3-5%) transform gravity,
Bedrock (muddy or (unit cohesion) phreatic,
‘ clay-rich) syneruptive
Fines formed by
Iteration of bedrock
alteration of bedroc NO CERTAIN
PRE-EVENT
WARNING
Landslide —> Debris avalanche —>- Debris flow

Figure 1. Diagram illustrating origin of cohesive and noncohesive textural subpopulations of debris flow deposits.

events, we describe how to recognize similar
flows from paleohydrologic and sedimentologic
evidence. We also address the commonly under-
estimated runout potential of volcanic debris
avalanches and cohesive debris flows that begin
as volcano collapses. Finally, because mitigation
in populated valleys must consider all the flow
hazards, we discuss issues of hazard assessment
and mitigation strategy that apply to all large
debris flows regardless of their origin or trigger.
Mitigation will focus both on volcanoes and on
the areas surrounding them, for large river
systems are the conduits of seismogenic flows
that can originate from the circum-volcano
watersheds mantled by failure-prone volcanic
deposits. We base mitigation strategies on

prehistoric case histories, and on historic flows in
the Western Hemisphere causing over 49,000
deaths. As one example, we conclude that most
of these fatalities could have been prevented with
the approach we describe as ESWEV (Education
for Self Warning and Evacuation).

The flows that devastated Armero and other
cities and towns below Nevado del Ruiz were
noncohesive or granular debris flows, character-
ized by a sandy deposit matrix and commonly
originating by volcanic melting of snow and ice,
as did those flows. Because noncohesive flows
generally occur with an eruption, they will be
preceded by events that will warn of an impend-
ing eruption. Eruptions are preceded by
magmatic activity that is revealed by accompany-
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ing earthquakes, geodetic changes, or changes in
the rate or composition of gas emission. As con-
cluded by Voight (1988, 1990, and 1996), with
response to the clear precursory signals at
Nevado del Ruiz, Armero could have yielded no
victims but, owing to cumulative human error
and the difficulty in evacuating large populations,
tragedy ensued.

The catastrophic seismogenic flow in the Rio
Péez downstream from Nevado del Huila was the
amalgamation of many small flows produced by
nearly synchronous slope failures. It was a co-
hesive or muddy debris flow, distinguished by a
muddy deposit matrix and commonly having a
landslide origin (Scott and others, 1995)—the
more unpredictable of the two flow types. Cohe-
sive debris flows begin with slope failures, and
failure on volcanoes is expectable with the
destabilization caused by magmatic intrusion.
Risk of collapse begins with the start of mag-
matic activity, possibly before eruption impends
and evacuations are ordered. Failure may also be
caused by tectonic earthquakes as well as simple
gravitational collapse, hydrovolcanic activity, and
intense precipitation—triggers without the
precursory signals that commonly precede
eruptions and most noncohesive flows. Ground
vibrations and noise may be the only warning of
an approaching flow.

Cohesive debris flows are commonly the
final stage of transformation from a landslide of
weak or readily disaggregated material to a debris
avalanche and finally to a debris flow. The
material weakness can result from endogenous
hydrothermal activity in a volcanic edifice, where
risk is from large single failures, or from exog-
enous weathering of flow and airfall deposits,
with risk of the coalescence of many small
failures into large flow waves. The flow in the
Rio Péez involved materials from both sources.

With our focus on material properties, this
discussion may seem to neglect the important
role of water in flow transformations. However,
the simplification needed in order to assess
hazards represented by past events and at large
scales makes this necessary. Material properties
of potential source materials are observable and
assessable; water content may be variable and
temporary. Material properties are preserved and

can be interpreted in flow deposits; water content
is not preserved. The water content necessary for
flow transformation from landslide to debris flow
occurs frequently in volcanic terrains. Stratovol-
canoes have hydrothermal systems and function
as aquifers; surficial deposits of steeplands in
volcanic zones—many at high altitude, in the
tropics, or both—are frequently wet. Both
volcanoes and the steeplands of volcanic zones
may extend to altitudes of permanent snow and
ice in the tropics and elsewhere.

We emphasize that no conclusion of this
report: (1) detracts from the vital importance of
monitoring volcanoes to detect magmatic activity
precursory to eruptions; (2) suggests that such
activity may not be detected; or (3) questions any
dynamical explanation for the mobility of land-
slide runouts (one estimate is of at least 20 such
proposals).

Sediment Terminology-Size and Texture

Volcanological size terminology defines ash
(< 2 mm), lapilli (2-64 mm) and blocks
(> 64 mm). The sedimentological terminology
we use here defines clay (< 0.004 mm), silt
(0.004-0.0625 mm), sand (0.0625-2 mm), gran-
ules (2-4 mm), pebbles (4-64 mm), cobbles
(64-256 mm), and boulders (> 256 mm). Mud is
silt plus clay; gravel is > 2mm. Clay refers to
clay-size material or to clay minerals.

Debris flows and their deposits are bimodal,
characterized by coarse particles (pebbles to
cobbles or boulders) dispersed or “floating” in a
finer-grained matrix, separated by a critical
diameter about 2 mm. Coarse particles are
rarely in contact in the matrix of sand, silt, and
clay. Cohesive debris flows have significant silt
plus clay; hence their common name, mudflows.
The size range and the sorting of particles are
diagnostically large (examples in Vallance and
Scott, 1997), second only to values for glacial till.
A large literature treats the textural discrimina-
tion of tills and debris flows (for example,
Landim and Frakes, 1968).

Much textural terminology for debris
avalanches and debris flows is not compatible.
The terminology applied in New Zealand,
however, can for our purposes unify the descrip-
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tions of both flow types, in part because research-
ers there have long seen the continuum of flow
processes that begin with volcanic landslides (for
example, Neall, 1979). A debris avalanche, by
definition a coarse, granular flow, contains large
clasts (fragmental particles) described as
megaclasts (or megablocks). In deposits, the
topographic expressions of the megaclasts are
mounds (also—hummocks, cerrillos, monticulos,
or mudflow hills). We will here consider the
material finer than and between the megaclasts as
intermegaclast matrix. In the case of a debris
avalanche transforming to a debris flow, this
intermegaclast matrix develops a pronounced
bimodal texture—a dispersed or coarse phase in a
finer matrix phase, with both phases identical to
those of a debris flow as described above. The
distinction of an intermegaclast matrix therefore
requires an arbitrary size boundary to define this
second level of matrix by identifying the clasts—

that is, the megaclasts—that are larger than those
typical of debris flow. This boundary is usefully
achieved by defining megaclasts as > 1.0 m in
intermediate diameter (Palmer and others, 1991).
In a typical volcanic debris avalanche, some
megaclasts are soft, incoherent, altered rock in
the process of disaggregating and contributing
mainly to matrix, as shown in figure 2. Other
megaclasts are hard, coherent rock in the process
of fracturing to smaller pieces in the
intermegaclast matrix (in a debris avalanche). A
domain in a debris avalanche or debris flow is a
region of a deposit over which a coherent
megaclast has shattered and become dispersed
yet throughout which the pieces can still be seen
as parts of an earlier whole (Gaylord and others,
1993). Shattered megaclasts may also remain
loosely intact like a three-dimensional jigsaw
puzzle (Shreve, 1968), a structure seen widely in
debris avalanche deposits (Ui, 1983).

Figure 2. Clast of incoherent, lighter-colored material deforming and mixing with matrix. Note angular clasts
(black) from the failed edifice (Volcén Planchén) and rounded porphyritic clasts (gray, left of pencil and at
lower left of photo) entrained during flow. Debris avalanche in the Rio Teno, Chile.
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A volcanic debris avalanche thus consists of
three size ranges, each of which may contain a
modal fraction of the total distribution—

(1) megaclasts > 1.0 m; (2) clasts < .Om to

2.0 mm; and (3) matrix < 2.0 mm. For our
purposes, the latter two size ranges comprise the
intermegaclast matrix. In the derivative cohesive
debris flow, many incoherent megaclasts have
become matrix, and many coherent megaclasts
have shattered into the two modes of debris flow,
clasts commonly < 1.0 m and matrix < 2.0 mm.
Megaclasts may remain dispersed in the debris
flow, becoming rare over distance of travel as
they either disaggregate or are stranded to form
mounds.

Mistaking a cohesive debris flow for a debris
avalanche can thus occur if a mounded surface is
the criterion for the latter. If a deposit previously
described as a volcanic debris avalanche has an
intermegaclast matrix with the characteristics of a
debris flow, and if the megaclasts are dispersed
(their interaction did not affect flow mechanics),
the deposit records a debris flow, and not the
grain flow, wet or dry, of a debris avalanche.

Landslides and Volcano Collapses

Engineering geologists include as landslides
all types of gravity-induced mass movements,
including rock and debris avalanches and debris
flows (Varnes, 1978; Cruden and Varnes; 1996).
At volcanoes the term landslide is commonly
used for slope movements with shear and dis-
placement in a relatively narrow zone. The
largest landslides from volcanoes—slides to
engineers—are called sector or edifice collapses,
failures in response to destabilization by magma
intrusion or associated hydrovolcanism. A
typical sector collapse has a volume of at least
1 km?® (Crandell, 1989). Failure may depressur-
ize a magmatic system and thereby trigger
explosive activity. Volcanic landslides much
smaller than a sector collapse may also yield far-
reaching debris flows, and we use the term flank
collapse (Scott and others, 1998) for these
failures. Most of the initiating landslides of the
dated cohesive debris flows from volcanoes in the
Cascade Range cited herein are so described.
Sector collapses can be distinguished from flank
collapses by describing the former as large

enough to involve the volcano summit, and the
latter as smaller failures only involving the flank.
Some seismologists (for example, Moran 1997,
p. 120) discuss both sector and flank collapses as
we do flank collapses. The smaller size of a
flank collapse indicates that there need be no
repose time before another flank collapse occurs,
and hence they can be treated as random events.
Edifice reconstruction generally must occur
before a second sector collapse. Cohesive debris
flows that began with a sector collapse were the
1980 debris flow in the North Fork Toutle River
at Mount St. Helens (Scott, 1988a) and the
synchronous Osceola Mudflow and Paradise
Lahar at Mount Rainier (Vallance and Scott,
1997). Other flows in the data set from Mount
Rainier and Mount Baker began as flank col-
lapses.

Debris Avalanches

A debris avalanche is a sudden, very rapid
flow of an incoherent, unsorted mixture of rock
and soil in response to gravity (Schuster and
Crandell, 1984). It is a common middle stage in
the transformation of a cohesive debris flow from
a landslide or rockslide. Debris avalanches may
be restricted to grain flows or granular flows, in
which flow mechanics are governed by particle
interactions involving friction and collision (cf.,
Pierson and Costa, 1987; Iverson, 1997). Debris
flows, in contrast, owe much of their behavior to
excess pore-water pressure and a pore fluid that is
viscous and contains fine sediment (Iverson,
1997). The volcanic debris avalanches described
in a large volume of literature include (1) debris
avalanches sensu stricto that were mainly grain
flows, as described by Glicken (1998), (2) debris
avalanches that were grain flows for an interval
of proximal flow before transforming to debris
flows, and (3) debris avalanches recorded by
deposits that are entirely those of debris flows.
The latter may have been grain flows for a brief
interval unrecorded by deposits. Case histories
indicate that the distinction between debris
avalanche and debris flow is far from black or
white—continuous gradations exist in the per-
centage of megaclasts, in fine sediment content,
and in mobility.
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Recognition of the importance of volcanic
debris avalanches owes much to the case histories
compiled by Siebert (1984), Inokuchi (1989), and
Crandell (1989). The nonvolcanic or alpine
counterparts of these flows (Li, 1983; Costa,
1984) are similarly well known, are commonly
described as rock avalanches, and are more likely
to represent debris avalanches sensu stricto. This
difference in behavior largely relates to differ-
ences in properties of the failed materials.
Stratovolcanoes yield slope failures of soft,
hydrothermally altered and clay-rich material that
may quickly mobilize to form a matrix-rich
slurry that, if saturated, can flow without inherent
limitation. In attempting to generalize, we may
say that the failures of hard, wet rock in alpine
settings tend to produce rock avalanches, and the
failures of soft, wet rock in volcanic settings tend
to produce debris flows.

Debris Flows

The deposit-based distinction between
cohesive and noncohesive debris flows evolved
with the post-1980 (Mount St. Helens) renais-
sance of interest in volcanic flows. Size analyses
from deposits of more than 50 flow with known
modern or paleohydrologic behaviors at Mount
St. Helens (Scott, 1988a) and Mount Rainier
(Scott and others, 1995) revealed that the deposits
of flows that had remained debris flows to their
distal ends contained distinctly more fine sedi-
ment than the deposits of flows that had
transformed by dilution and loss of yield strength
to hyperconcentrated streamflow, the process
described by Pierson and Scott (1985). This
observation (fig. 1) differentiates many flows that
began as sector or flank collapses (cohesive
flows) from many that began as eruption-induced
meltwater surges or lake breakouts that entrained
volcaniclastic detritus (noncohesive flows). The
limiting percentage by weight of clay in the total
deposit is about 3 percent, and in the matrix
(<2 mm) is about 5 percent (clay/sand + silt +
clay; Vallance and Scott, 1997, fig. 2). This
percentage expectedly will vary with factors such
as clay mineral species and the degree of clay
aggregation. Muddy and granular (Scott, 1997)
and relatively clay-rich and clay-poor (Vallance
and Scott, 1997) are synonyms for the cohesive-

noncohesive distinction in deposits for those
concerned with any engineering implications of
the terms as applied to the flows. The term
cohesive debris flow here refers only to a flow
yielding cohesive deposits, as defined above.

The two textural subpopulations fundamen-
tally reflect the two main source materials for
debris flows at volcanoes (fig. 1). The fine
sediment in cohesive flows of landslide origin
reflects the hydrothermal alteration of edifice
bedrock to clay (as well as by weathering). The
paucity of fine sediment in noncohesive flows
reflects the small quantities of fines typical of
most surficial volcaniclastic detritus that is
entrained in surges of melt- or lake water; the
fines were removed during the selective sorting
by earlier surficial processes. It may also reflect
entrainment of deposits without a lot of primary
fine sediment such as those of some pyroclastic
flows or tephra, and it may reflect distal transfor-
mations of flows without much fine sediment,
such as some block-and-ash flows and other
kinds of pyroclastic flows.

The textures of most, generally smaller,
precipitation-induced and glacial-outburst flows,
excluded from our discussion by scale consider-
ations, reflect the vagaries of source materials,
but they are commonly noncohesive. Textural
exceptions are the fine-grained, so-called rainfall
lahars produced from large volumes of fine ash
and ash-cloud deposits, such as the many ex-
amples east of Popocatépetl in Mexico (Siebe and
others, 1996, p. 399). Especially at tropical
volcanoes such as those in the Philippines and
Indonesia, large rainfall lahars can be extreme
hazards that continue for years after eruptions
(see Pierson and others, 1992; Newhall and
Punongbayan, 1996; and Neall, 1996). For
hazard assessment and mitigation, however, a
crucial issue for large rainfall-generated flows is
their generally syneruptive or posteruptive onset,
so that there is a degree of predictability and thus
the potential for pre-event warnings. An excep-
tion is a rainfall-triggered flank collapse, an
example of which produced a large, muddy lahar
in 1998 at inactive Volcan Casita in Nicaragua
(Sheridan and others, 1998; Scott, 2000). There,
although fine sediment came from failed material
that was partially hydrothermally altered, most
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was derived by bulking of fine-grained soil and
ash beyond the edifice.

Truly catastrophic noncohesive debris flows
can result from bulking of the surges released
from lakes either in craters (see Neall, 1996) or
dammed by volcanic landslides and avalanches.
For these cases, future risks at volcanoes may be
apparent from present topography or previous
occurrence. For example, a sequence of deposits
of huge debris flows from prehistoric breakouts
of the avalanche-dammed Spirit Lake at Mount
St. Helens (the lake was dammed prehistorically
and again in 1980) has unique sedimentological
characteristics (Scott, 1988b). When a flow
creates or enlarges a natural dam that subse-
quently fails, as opposed to immediately
displacing water, a period of time before failure
generally will permit evacuation and some degree
of mitigation (examples in Costa and Schuster,
1991).

This textural dichotomy based on matrix
thus is a useful tool in reconstructing the debris
flow history of a volcano. It can be the basis for
probabilistic risk assessment based on strati-
graphic analysis of volcanic debris flows. The
differences in matrix texture are easily observed
in the field and are readily confirmed by labora-
tory analysis. The role of cohesive forces in
affecting flow mechanics is not inferred; any
interpretations of the role of fine sediment on the
physical processes of debris flows should be
based on flow-mechanics research (for example,
Iverson, 1997; Major and others, 1997).

A volcanic debris flow is a lahar (Vallance,
2000), following worldwide usage and the
tradition of Crandell (1971) in the Cascade
Range. Some flows, and parts of others de-
scribed herein, did not originate directly from the
edifices of volcanoes so for uniformity we
describe all flows here only as debris flows. The
public knows debris flows as mudflows or
mudslides, but these terms are now discarded in
scientific usage because mud is rarely the domi-
nant constituent, and it may be a very minor part
of noncohesive debris flows. The term mudflow
is retained if part of a formal name, as in Osceola
Mudflow.
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“LA AVALANCHA" IN THE Ri0 PAEZ,
COLOMBIA—AN ARCHETYPE
SEISMOGENIC DEBRIS FLOW IN
VOLCANIC TERRAIN

Seismogenic debris flows emerged clearly as
a significant volcano hazard with the occurrence
of the catastrophic flow in southwestern Colom-
bia remembered as “la avalancha,” triggered by
an earthquake on June 6, 1994 (Casadevall and

Volcan Nevado del Huila

others, 1994; Red Seismoldgica Nacional de
Colombia, 1994). Its conduit was the Rio Paez
(fig. 3), the river system that drains all of the
massive active stratovolcano, Nevado del Huila,
elevation 5,364 m (main summit or Pico Central,
Pulgarin and Macias, 1998) on the crest of the
Cordillera Central. The Rio Paez flows 69.8 km
south from Dublin, site of the earthquake epicen-
ter 10 km southwest of the volcano summit,
through mountains with local relief of more than
1,000 m and slopes typically more than 30
degrees. The only level sites for communities are
the terraces formed by deposits of debris ava-
lanches and debris flows. The river then leaves
the Cordillera Central, turning 40.8 km east to
join the northward regional drainage of the Rio
Magdalena.
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Figure 3. Index map showing route of debris flow triggered by the Pdez earthquake of June 6, 1994. Flow
cross sections illustrating growth and decay of peak discharge were determined by field estimates and scaling
from ground and air photos. Area of intense landslide activity after Martinez and others (1995).
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Within minutes, a catastrophic debris flow wave
inundated successive communities along the Rio
Paez (figs. 3-5). By June 10, 589 deaths were
attributed to the flow, although an official count
from all causes was lower (United Nations
Department of Humanitarian Affairs, 1994).
Estimates include total casualties of approxi-
mately 1,100 (Avila and others, 1995). Many
fatalities were also caused by the earthquake and
primary landslides; deaths from each cause are
unknown, but most were caused by “la
avalancha” and its tributary flows.

Devastation was profound at Irlanda (fig. 4),
population 300, 4.3 km downstream from Dublin;
and at Téez (fig. 5), population 1,000, 9.4 km
downstream (populations estimated by El
Tiempo, June 8, 1994). Both communities were

described as “buried,” and half the population of
Toéez was initially reported killed, but later
estimates were lower. Téez was first leveled by
earthquake, then within minutes most of the town
was buried by debris flow (figs. 6 and 7).

Unless otherwise cited, quotations in the
following sections are translations of eyewitness
accounts from the newspapers El Tiempo and El
Espectador in Bogota.

Formation of “La Avalancha”

Approximately 50 percent of >100 km? of
upland terrain failed as shallow slides (Avila and
others, 1995). Saturated by recent rainfall,
failures mobilized rapidly into debris flows
during the 30 second duration of the quake

Figure 4. Site of Irlanda looking northwest, showing near-synchroneity and coalescence of flows. Rio Pdez flows
from right to left in the foreground. Note (A) right bank runup of brown flow originating on opposite, left side of
channel; (B) peak flow of momentarily later channelized black flow from upstream; (C) runback of part of brown
flow over black flow, which had now passed by; (D) brown flow overruning large tributary flow which also overran
the channelized and momentarily previous black flow; (E) evidence of only channelized black flow on left bank.
Photograph by T.J. Casadevall.
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(Martinez and others, 1995). Slides originated
from the edifice of Nevado del Huila, but most
came from surrounding terrain (fig. 3). More
than 3,000 discrete slope failures, 3-7 m in depth,
were mapped on aerial photos (Avila and others,
1995); typical slides involved soil, colluvium,
and altered and weathered bedrock. Much of the
failed material, clay-rich and reddish to ochre in
color, flowed as slurries containing progressively
disaggregating megaclasts to the nearest channel
(figs. 8-10), where they overran and mixed with
streamflow. Factors adding to the instability of
the regolith were the probable presence of tephra
layers and the long-term destruction of the
tropical highland vegetation by livestock (both
illustrated in fig. 8).

Bedrock contributing to failures (Avila and
others, 1995) comprised hydrothermally altered
lavas of the edifice of Nevado del Huila, weath-
ered granitoid rock, other hydrothermally altered

and fractured intrusive igneous rocks, and other
volcaniclastic, sedimentary, and metasedimentary
rocks. The deposit of a large volcanic debris
avalanche and debris flow (>10 km?; Pulgarin
and Macias, 1998; Pulgarin, 2000) forms a
terrace, without mounds in this area, about 100 m
above the Rio Péez (fig. 5); deposits of younger
volcanic debris flows form the lower, inhabited
terraces (figs. 4 and 5).

Near the epicenter, where most of the terrain
failed, black soil and rock were mixed with
yellow and white material, an unknown propor-
tion of which consists of tephra. Downstream
survivors commented on the striking color
contrast of the rust-colored flows they saw on
slopes (fig. 4) and the black channelized flow that
came from upstream (fig. 4 at lower right; fig. 5).
This color contrast contributed to early contro-
versy over the origin of the channelized flow.
Was it related to collapse of Nevado del Huila, its

Figure 5. Site of Téez looking southeast. Rio Pdez flows from left to right. Pointers show locations of figures 6
and 7. Prominant high terrace (with trees) is formed by deposits (without mounds) of a debris avalanche runout
from a collapse of Nevado del Huila. Photograph by T.J. Casadevall.
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Figure 6. Impact forces of debris flows illustrated by margin of “la avalancha” where 1-2 m of flow
inundated animal barn of stone masonry. Location shown by left pointer in figure 5. Photo by T.J.
Casadevall.

Figure 7. Margin of “la avalancha” looking downstream where it inundated the only remaining street.
Deposit thickness is 1.2 m. Location shown by right pointer in figure 5.
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13.4-km? icecap, or to volcanic activity? Later
study showed that the earthquake was tectonic
with its epicenter at the base of the volcano
(Martinez and others, 1995), that the icecap was
not involved, and that, although slides occurred
on the volcano, most originated in the surround-
ing terrain.

The downstream arrival times of the wave
front establish that flow in the Rio Pdez began
near and upstream from the epicenter nearly
synchronously with the quake. Between Dublin
and Irlanda and between Irlanda and Téez the
flow wave grew progressively in response to
tributary contributions. Although insurgent
revolutionary activity prevented access to Dublin,
aerial observations and videotape of the flow

cross-section near the site show it to have been
less than half of the maximum downstream
dimension (fig. 3).

Dynamics of “La Avalancha”

Velocity of the wave front

Reports of arrival time of the flow front at
Belalcézar, 30.3 km downstream and the largest
community hit by the flow, are variable. Esti-
mates of the time interval between earthquake
and flow arrival range from 10 minutes, when the
flow was “felt while still 5 km away” (reported in
El Tiempo, June 8, p. 14A), to 20 minutes (E/
Tiempo, June 8, p. 14A), to 30 minutes (El
Tiempo, June 10). A time of 20 to 30 minutes

Figure 8. Head scarp of individual failure. Note initial failure as blocks. Note white layer of probable tephra
(arrows), about 10 cm in thickness, beneath black, organic-rich surface layer, approximately 0.3 m in thickness, and
overlying rust-colored, altered and weathered bedrock. From INGEOMINAS (1995b).
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yields a velocity of the wave front from the
epicenter of between 60 and 90 km/hr (17 to 25
m/s). Channel slope is 0.04 m/m between Irlanda
and Téez and decreases to less than 0.015 at the
Rio Negro (measured on 1:25,000 maps).
Calderon and others (1997) cite an unpublished
estimate by INGEOMINAS of flow velocity
between 15 and 20 m/s over an unknown dis-
tance.

Cross-sectional area and discharge

Estimates of flow cross sections (fig. 3) are
from ground photos, aerial videotape, and field
notes. The following figures indicate relative
changes accurately but are different from and
generally less than those derived subsequently by
photogrammetry (H. Cepeda, written commun.,

1997). At the epicenter near Dublin, the cross
section of flow was estimated at less than
3,000 m? from aerial video. The peak flow cross-
sectional area increased to about 4,000 m? at
Irlanda. Initially at Irlanda, a locally derived
flow crossed the channel toward the community
and produced a superelevated right-bank trimline.
There is a striking color contrast between this
rust-colored flow of local origin and the black
channelized surge that subsequently, probably in
a matter of seconds, came from upstream to
overrun the first flow. Figure 4 shows the chan-
nel reach where this occurred. Similar effects are
responsible for some of the differences in stage
levels noted above.

The maximum flow cross-sectional area was
attained near Téez, estimated at over 8,000 m?. It
was augmented there by a nearly synchronous

Figure 9. Coalescence of approximately synchronous
small debris flows and debris avalanches into a larger
single wave of debris flow. Hillside of Rio Pdez valley
upstream of Irlanda. Photograph by R.L. Schuster.

Figure 10. Downslope deposits of flow in Figure 9.
Intact masses (outlined) of soil and rock are 0.7-1.0 m
in diameter. Height of berm is 3.5 m.
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flow from the Rio San Vicente (fig. 11). The
maximum depth of flow was 40 m
(INGEOMINAS, 1995a), attained in confined
reaches below Téez. Downstream from Téez the
flow wave attenuated progressively, to an esti-
mated cross-sectional area of 600 m? at Paicol,
91.4 km from the epicenter. By that point,
discharge had declined to less than 6,000 m%/s
from a peak in excess of 100,000 m>/s near Téez.
Figure 11 is a schematic portrayal of the
wave formation, its growth and decline, and the

time of travel of its front to the four communities.

Flow hydrograph—the rise

The sudden appearance of the “thundering”
10-12 m high front of the wave stunned the
survivors of the earthquake. They had thought

the noise and ground shaking caused by the flow
were an aftershock. The initial rise was an
almost instantaneous front, marked by “cascading
trees and boulders.” Thereafter, stage continued
to rise rapidly as much as 30 m more, and the
trimline of peak stage formed within several
minutes of front arrival, according to observa-
tions near Belalcdzar. One survivor recalled an
initial flow (probably the violent front of the
surge) followed, apparently shortly (“within
moments”), by a second, stronger surge (probably
the sustained rise). That surge then rose steadily
and rapidly into buildings in backwater areas,
flowing through doors and windows to engulf
many victims. All structures in the direct path of
the flow were crushed.

Survivor recollections are dramatic, but they
reveal aspects of the flow behavior—*“giant

Individual waves begin to
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waves of mud and rock,” “tracks of the wave of
death,” “...that came on us (like a) black cloud
with the force of a blast,” and “obliterating all in
its path” (El Espectador, June 8, and El Tiempo,
June 9). “First, we heard a sound, as if the earth
and mountains were roaring” (ital. added—see
subsequent discussion). Then came the torrent,
ripping up immense trees as if they were weeds.
Within moments, it filled every corner and then
passed on” (El Tiempo, June 8).

Flow hydrograph—the recession

Estimates of the duration of wave recession
are variable, ranging upward from “several
minutes.” Summation of the evidence suggests
that initial recession may have been rapid,
although more gradual than the rise, followed by
gradual decline over much of the next hour. The
stage decline was remarkable for its smoothness,
as recorded by most accounts and in the uniform
coating of mud in the remains of houses and on
trees. Variations in mud coatings normally reveal
small oscillations in stage during the recessions
of debris flows.

At two sites, the wave was recorded on
videotape near its peak and shortly thereafter
(INGEOMINAS, 1995b). Smooth, streaming
fluid like flowing concrete is streaked with the
longitudinal shear lines of a debris flow. Stand-
ing waves appear to be 3-4 m in amplitude, and a
few megaclasts and many shredded trees are seen
at the surface. Momentarily, a photographer
recorded the greatly superelevated flow in an
upstream bend (fig. 12).

Formation of the single wave.

“La avalancha” was the channelized amal-
gamation of earthquake-induced slides from the
steep slopes of the Rio Péez drainage (fig. 4).
The huge wave and its steep front represent the
integration of two effects: (1) Cannibalism of
carly smaller surges by a single large surge. The
first flows reaching the main channel dammed
and mixed with streamflow, creating many small,
dilute surges that continued down the channel.
One large surge grew rapidly as it overran the
smaller surges in front of it because of its greater
speed. (2) Inferred higher resistance to flow once

the wave height rose above the level of the active
channel. Once the wave height rose above the
level of the active channel, the front may have
been significantly slowed by high hydraulic
roughness from the tropical, streamside forest
(observations of “cascading trunks” at the flow
front). This may have allowed some subsequent
surges, also in the process of cannibalizing their
smaller consorts, to catch up, and then for most
to coalesce into the single huge wave. Tributary
inflows to the main channel after passage of the
peak were sufficiently numerous that in aggregate
they smoothed and extended the recessional limb
of the wave without creating large secondary
surges. At Irlanda, evidence indicates that the
channelized flow followed, overrode, and then
raced ahead of a locally derived surge (fig. 4).

Flow mobility.

Flow deposits at Paicol, 91.4 km down-
stream, were entirely those of a debris flow.
Although unconfirmed, debris flow probably
extended 40.8 km beyond Paicol to the
confluence with the Rio Magdalena. The debris
flow was reported by unknown sources to have
reached Betania Reservoir, another 40 km
downstream (H. Cepeda, personal commun.,
1997). This summary assumes that debris flow
extended at least 100 km, but the total runout
distance was probably 132 km and may have
been as much as 170 km to the reservoir (elev.
500 m). The 200-km? area of most intense
failure was mainly at altitudes of 2,500-3,000 m,
resulting in a value of H/L (fall height/runout
distance) = < 0.025 (< 2.5/100).

OTHER DEBRIS FLOWS
TRANSFORMED FROM LANDSLIDES
OF SURFICIAL DEPOSITS IN
VOLCANIC TERRAINS

The tephra-rich surficial deposits that mantle
large areas of the terrain around volcanoes, as
well as the volcanic edifices themselves, are
sources of hazardous debris flows. The most
common triggering events are rainfall and
earthquakes. The contribution of airfall deposits
to the instability of volcanic terrains is indicated
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by their association, both as source materials and
in stratigraphic section as planes of slippage, with
more than half the landslides in large areas of
Japan.

Rainfall-Triggered Debris Flows

Hydrometeorological events commonly
trigger multiple, locally disastrous debris flows,
described commonly as mudflows or mudslides,
but these rarely have the size or the synchroneity
of origin necessary to coalesce into large, long-
runout flows. However, the potential for creation
of catastrophic flows is illustrated by the debris
flows from several small drainages (< 1.8 km?)

near Sarno, Italy, 12-18 km east and prevailingly
downwind from Vesuvius, on May 5, 1998
(Pareschi and others, 1998 and 2000). More than
150 people died from these “nearly contempora-
neous” flows. The failed material consisted of
colluvium interbedded and mixed with a cumula-
tive thickness of more than 6 m of tephra from
numerous eruptions of Vesuvius and the Campi
Flegrei volcanoes. Long-term urbanization and
the progressive degradation of the natural vegeta-
tion were factors contributing to the 1998 disaster
(Pareschi and others, 1998 and 2000). Disastrous
flows of this origin are likely to recur over long
historic periods, as has occurred in the vicinity of
Sarno. Migale and Milone (1998) record epi-

Figure 12. View looking upstream (from right bank) at superelevated flow of “la avalancha” rounding bend in
Rio Péez in direction of large arrow. Note markedly concave surface of flow, causing flow cross sectional area
to be greatly overestimated if the flow surface is subsequently assumed to have been a straight line connecting
the trimlines. Difference in altitude between left and right edges of flow (LB and RB arrows) is 12-15 m.
“Waves” in flow reflect topography. Triangular shapes at top of frame are reflections in camera lens. From

INGEOMINAS (1995b).
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sodes of rainfall-triggered, circum-Vesuvian
debris flows: in 1640 (40 deaths); 1764 (43
deaths); 1823 (120 deaths); 1841 (120 deaths);
1910 (170 deaths); 1924 (30 deaths); and 1954
(30 deaths).

Earthquake-Triggered Debris Flows

The coalescence of multiple, seismogenic
landslides into a wave of debris flow, as occurred
in the Rio Pdez, is a process that would seem to
have a high potential for recurrence. Some
earthquakes in tropical but not necessarily
volcanic steeplands have produced an intensity of
slope failures (Pain, 1972; Garwood and others,
1979) comparable to that from the Pdez earth-
quake, but long-runout debris flows in channels
were not recognized. They may have occurred,
however, but simply not been reported because of
a lack of communities along river channels or of
hydrologically oriented observers. Conversely,
they may not have occurred because of the lack
of sufficient moisture to mobilize failed material
at the time of the earthquake or, more probably,
the absence of unstable and easily mobilized
deposits such as the surficial deposits of volcanic
airfall and ashflows. The following analogs of
the flow in the Rio Paez emerge from literature
review (table 1):

Mexico, 1920

On January 3, 1920, a powerful tectonic
earthquake caused debris flows like those in the
Rio Péez in rugged highlands 30 km northeast of
Pico de Orizaba. Pico is a major stratovolcano
and the highest peak in Mexico (Carrasco-Nuiiez
and Gémez-Tuena, 1997). The main conduit was
the Rio Huitzilapan (fig. 13) with headwaters
draining the Las Cumbres volcanic complex
(Rodriguez and Komorowski, 1997). The magni-
tude of the earthquake was ~6.5-7.0, based on
reported intensity values (fig. 13), evaluation of
those results in terms of Modified Mercalli
intensities, and conversion to moment magnitude
M as calibrated by Bakun and Wentworth (1997).
Singh and others (1984) estimated a magnitude of
6.4. “Enormous” mudflows 40 to 65 m deep
formed in channels as the amalgamations of
many small landslides, mobilized by ground

water, of ashflow- and tephra-mantled volcanic
bedrock and limestone (Camacho, 1922; Flores,
1922). In a reconnaissance report, Oddone
(1921) describes the failed material as “powdered
and muddy material, for the most part volcanic
tuff.” A 1920 photograph (fig. 14) shows numer-
ous surficial failures like those along the Rio
Péez. Prior to a description by Siebe and others
(1993) and the trip to the area by Rodriguez and
Scott in October 1996, the event was largely
unrecognized, in spite of the insightful reports of
Camacho and Flores (Instituto Geoldgico de
Meéxico, 1922).

The largest destroyed town was Barranca
Grande, built on a valley flat in the valley of the
Rio Huitzilapan 15 km downstream from the
epicenter. Flores (1922, p. 28) reported the loss
of 220 lives from a population of 300, but
Camacho (1922, p. 88) noted the downstream
recovery of 600 bodies. A local resident today
recalls 30 survivors among 900 villagers in 1920.
The population of modern Barranca Grande is
also estimated at 900 by that resident, and about
half of the modern generation has settled on
ground higher than the inundation of 1920.

Villagers “heard” the flow “S minutes before
it arrived” (Flores, 1922, p. 28), and most, like
those near the Rio Paez who felt it 5 km away in
1994, thought it was an aftershock (“a second
earthquake”). The noise was described as “a
prolonged muffled thunderclap, many wagons
rolling across pavement, or charging cavalry”
(ital. added—see subsequent discussion). But, “a
few said it was not a subterranean sound but was
a flow in the river (ital. added—see subsequent
discussion). These few fled toward the high
ground, but such was the velocity of the flow that
some of these, in spite of recognizing the danger
and running rapidly, simply perished” (translation
of account in Flores, 1922, p. 28). Flores (1922)
notes that a father, leading two small sons, found
that the boys could not run fast enough, and to
save himself he left them to be overrun. An
important aspect of this account, discussed in our
final section on event warning, is the perception
by only a few individuals that the noise and
ground tremor were not from an earthquake but
were from a flow in the river.
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Table 1. Examples of landslides and debris avalanches, mainly seismogenic, that have produced long-runout cohesive debris flows.

Locality Date Associated earthquake Texture of debris flow Runoutdistance (km) Source rock and water References
Rio Pdez, Colombia 6-6-94 M6.4. Cohesive (3-12% clay) >100 Shallow landslides of soil Martinez and others,
near Nevado del Huila Source near epicenter, and altered and weathered ~ 1995; Avila and others
10 km southwest of rock. Ground water, 1995; this report
volcano. surface water.
Rio Huitzilapan, Mexico,  1-3-20 M~ 6.5-7.0 Cohesive (5% clay, >40 Shallow landslides of Flores,1922;
near Pico de Orizaba Source near epicenter. sampled in 1996) soil and altered and Camacho,1922;
weathered rock. Ground this report
water, surface water.
Lake Rupanco, Chile 5-22-60 M9.2 Unknown, but probably 5 to lake Shallow landslides in Wright and Mella,
Epicenter 200 km cohesive tephra-rich regolith. 1963
northwest. Ground water from
“heavy”rain on 5-20.
Rio Due and Rio Coca, 3-5-87 M6.1and 6.9 Probably cohesive; >60 Shallow landslides of Ishihara and Nakamura,
Ecuador, near Epicenter 25 km north described as rivers of soil and altered and 1987; Nieto and others,
Reventador Volcano of volcano. mud and rock weathered rock. Ground 1991; Schuster and
water, surface water. others, 1996
North Fork Toutle River,  5-18-80 Debris avalanche Type example of Avalanche 29; debris Altered rock from Voight and others, 1983;
drains Mount St. Helens associated with M 5+ cohesive debris flow flow a further >80 edifice. Ground water, Fairchild, 1985;
earthquake. (>3% clay) to sea level snow and ice, surface Scott, 19882
water.
Rio Santa, Peru, drains 5-31-70 M 7.75. Cohesive; matrix “soft 160 to sea level Fractured granitoid rock. Plafker and Ericksen,
Nevados Huascarin Epicenter 130 km west. and sticky” (3-24% silt Snow and ice from 1975
and clay) source area and glacier,
surface water.
0Osceola Mudflow in Prehistoric ~ Occurred with eruptive _ Cohesive (mean of 7% Mound-bearing facies Altered rock from edifice. Crandell, 1971,
White River, drains (4,832 + activity. clay in 13 samples to 70 km; flow 125 km Ground water, snow Scott and others, 1995;
Mount Rainier 43B.P.) from axial facies) to sea lavel and ice, surface water. Vallance and Scott, 1997

Note: Age of Osceola Mudflow is given in radiocarbon years before present as determined by Vallance and Scott (1997).



Two elderly residents of Barranca Grande
remember the actual event, and their oral history
of the disaster is clearly appreciated by the
modern residents. Another resident told
Rodriguez that the town was hit by three succes-
sive waves, believed by modern residents to have
resulted from damming and sudden release of
flow. Large deep-seated slides appear to have
temporarily dammed the upstream channel; a
landslide described by Camacho (1922, p. 90)

97° 15

can be seen today to have dammed the river
upstream of Patlanald in 1920. Most slides were
shallow failures (fig. 14) that mobilized to
slurries transporting debris to the main channel
where, just as in Colombia in 1994, the flows
continued and coalesced into one or more cata-
strophic waves. “There is no mountain [bordering
10 km of the main channel in the epicentral zone]
that does not show the prints and scars of slides”
(Camacho, 1922, p. 90).
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Figure 13. Map showing area of epicenter of the earthquake of January 3, 1920, and
route of the seismogenic debris flows triggered by it. Isoseismals (Escala de Cancani)
after Instituto Geoldgico de México (1922, Lam. I-B).
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In the Rio Huitzilapan, superelevations of
approximately 10 m (Camacho, 1922, p. 92)
indicate velocities of in excess of about 20 m/s
(table 2). Laboratory analyses of our samples of
the 1920 flow deposits at Barranca Grande
indicates the texture (clay ~ 5 percent of matrix)
of a cohesive debris flow. Similar deposits were
seen in 1996 at a bridge crossing 30 km down-
stream (fig. 13) and are inferred to be correlative
with the 1920 flow. The deposits of an older and
larger debris flow are reported to underlie the
1920 deposits (M.F. Sheridan, personal commun.,
2001).

Chile, 1960

The Chilean earthquake (M 9.2) of May 22,
1960 produced huge seismogenic debris flows in
at least one area, near Lake Rupanco, 200 km
southeast of the offshore epicenter (Wright and
Mella, 1963). However, because reports concen-
trated on the dramatic coastal devastation by
tsunamis, seismogenic debris flows in channels
were almost certainly more widespread than in
this small part of the total affected area. Much of
the area, within the Southern Volcanic Zone of
Chile, is underlain by soils weathered from fine-

grained tephra with a significant content of
allophane, a clay mineral with water-absorbing
properties that can cause slope instability. One of
us (Naranjo) notes the additional importance of
bedrock jointing and fault cataclasis in the area.
Lake Rupanco is surrounded by stratovolcanoes
active in historic time—Puyehue, 31 km north-
east; Osorno, 24 km due south, and Calbuco,
50 km south. At the east end of the lake, debris
flows killed 125 people, including a man fleeing
a debris flow on horseback (table 2): “others
(victims) were enveloped in rapid-moving layers
of mud, rocks, and trees that developed wherever
landslides converged”’ (ital. added). “In some
cases, whole mountainsides 5 to 8§ km wide were
suddenly completely stripped of vegetation and
soil. In places this enormous mass thundered
down directly into the lake... In two places...,
debris avalanches converged and formed enor-
mous mudflows, which advanced with surprising
rapidity over the intervening rolling land and then
finally discharged into the lake” (Wright and
Mella, 1963, p. 1379, 1382-3).

Debris flows in this area were entirely
contained in Lake Rupanco but, without that
large impoundment (10 x 44 km), flows would

Figure 14. Photograph of hillslopes upstream of Barranca Grande, following earthquake
of Jan. 3, 1920. Reprinted from Plate VI-A, Instituto Geoldgico de México (1922).

Other Debris Flows Transformed from Landslides of Surficial Deposits in Volcanic Terrains 21



Table 2: Velocities of flow fronts and peak-flow velocities of several seismogenic debris flows discussed in text.

[km, kilometers; km/hr, kilometers per hour; m/s, meters per second)]

Average velocity of

Peak-flow velocity at

Channel reach distance from source

Case history flow front (km/hr) or point (km) (m/s @ km)
1994 Colombia >60 0-9.4
(Rio Paez) 60-90 0-30.3
141 @ 43.1°7
g12@7
1920 Mexico >30 @ ~5-10"3
>20 @ ~5-108*
1960 Chile >30 2™
1970 Peru’™
Proximal debris avalanche 280 0-16
Debris flow 60 16-31
Distal debris flow 30 >3188

1987 Ecuador

>15.0 @ 10-30"*

*  Measurement of runup or interpreted from observation of runup (cf., Pierson, 1985).

sk
t
$§
##

Reported by Avila and others (1995) at unknown locations for “initial field observations” and the accounts of
inhabitants; believed to be mainly from downstream locations.

Based on observations by Camacho (1922).

Interpreted from observation of superelevation (cf., Pierson, 1985).

Based on observation of flow overtaking a galloping horse (Wright and Mella, 1963, p. 1383).

Eyewitness accounts combined with runup and superelevation measurements (Plafker and Ericksen, 1975).

Recorded “far downstream” (Plafker and Ericksen, 1975).

Based on observations of Ishihara and Nakamura (1987), Nieto and others (1991), and Schuster and others (1996).

have traveled farther or they may have cata-
strophically displaced part of a smaller body
water to create a flood surge.

Ecuador, 1987

Two earthquakes (M 6.1 and 6.9) caused a
similar landscape response in Ecuador on
March 5, 1987, from and near Volcan Reventador
(Nieto and others, 1991; Schuster and others,
1996; Schuster, 2001). “...a large percentage of
this huge mass of material (from seismically
triggered mudslides and debris avalanches on and
near Reventador) combined with water (in
channels)...to form thick debris flows that
descended...tributaries of the upper Amazon”
(Nieto and others, 1991, p. 73). On steep slopes

underlain by lateritic soils and tuff, “slope
failures commonly started as thin slides, which
rapidly turned into fluid debris avalanches and
debris flows” (Schuster and others, 1996).

The runout distance of the debris flows is
unrecorded, but flows were described as extend-
ing from the headwaters of the Rio Due to
beyond its confluence with the Rio Aquario, a
distance of over 50 km (Ishihara and Nakamura,
1987). Schuster and others (1996, fig. 16)
recorded trimlines 8 m above river level 10 km
downstream from the confluence. Thus, debris
flows probably extended at least 60 km. Esti-
mates of the total volume of the slides and flows

ranged from 75 to 110 million m?.
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DEBRIS FLOWS FROM VOLCANO
COLLAPSE

We can probably assume that all sector
collapses (> 1 km?) are related to magmatic
eruptions or, as in the famous 1888 collapse of
Mount Bandai in Japan, probable
phreatomagmatic eruptions (interpreted as
phreatic by Siebert and others, 1987). This
association, however, has led to underestimation
of the potential for lahars beginning as collapses
to be other than one of a group of eruption-
related volcanic hazards. Other scenarios and
nonmagmatic triggers must be considered now
that we recognize that smaller volcanic land-
slides, those we call flank collapses, can also
transform to far-reaching debris flows that
enlarge significantly by bulking after they leave
the volcano.

Of the flows in tables 3 and 4, the synchro-
nous Osceola and Paradise are directly linked by
stratigraphic evidence to eruptive activity at
Mount Rainier (Vallance, 1995; Vallance and
Scott, 1997). Within the limits of accuracy of
radiocarbon dating, many of the largest flows at
Rainier (table 3) occurred near or at the times of
magmatic eruptions (Vallance, 1995; Vallance
and Donoghue, 1999; Sisson and others, 2001)
and were probably associated with magmatism
directly or indirectly. The largest flows at Mount
Baker occurred during a single magmatic cycle,
first with magmatic destabilization (Park Creek
and Middle Fork Nooksack River lahars) and
then with phreatomagmatic activity (Ridley
Creek lahar) that culminated in a magmatic
eruption. Two flows at Rainier occurred near the
times of paleoearthquakes (Events N and L;
Atwater and Hemphill-Haley, 1997) but they
cannot be correlated with those events. A
significant flow at Mount Baker (Morovitz Creek
lahar, table 3) followed a major hydrovolcanic
and probable phreatomagmatic explosion (A.D.
1843) within weeks to months. The historic
flows after the late Neoglacial maximum of A.D.
1850 (table 4) resulted from gravitational col-
lapse, although hydrovolcanic activity has been
suggested as a possibility in several instances.

The confidence limits on ages determined by
radiocarbon dating complicate the correlation of
collapses with either paleoearthquakes or the

episodes of magmatic activity recorded by
tephras. For planning hazard mitigation, this
increases the importance of historic events, like
the case histories described here, as well as those
for which the chronology and sequence of events
can be well established, like the association of a
sector collapse with a blast deposit, or the
reconstruction of the A.D. 1843 events at Mount
Baker.

Our concluding discussion of mitigation
strategies is based on the two primary factors that
we emphasize herein—the mobility of debris
flows beginning as volcanic landslides, and their
ability to increase in volume by bulking as they
flow long distances from a volcano. Triggering
mechanism is a factor that adds a significant
element of unpredictability. In the case of most
collapses—directly or indirectly magmatically
triggered—precursory signs of magmatic activity
will be recognized, and we can hope they will be
acted upon to the extent that the downstream flow
pathways will be evacuated. Nevertheless,
uncertainty of an effective pre-event warning is
created both by the difficulties in ordering an
evacuation, and by the potential for unanticipated
flows. To emphasize this point, in the following
sections we summarize the possibilities for
volcanic landslides to occur other than at times of
magmatic eruption.

Magmatic Destabilization

Collapse may be triggered by magmatic
intrusion whether an eruption occurs or not, and
even whether magma intrudes and destabilizes
the edifice directly or not. For example, 10
magmatic episodes that climaxed in plinian
eruptions (sustained jets yielding large volumes
of pumice) are believed to have triggered sector
collapses after the onset of magma ascent but
before intrusion within the edifice (Belousova
and others, 1998). Where collapse is not associ-
ated with an eruption that yielded juvenile
material, ascent or intrusion of magma may have
begun at depth but simply not have continued to
eruption. During magma ascent into an edifice,
collapse itself may unload an edifice sufficiently
to be the trigger of a large magmatic eruption, as
at Mount St. Helens in 1980 and at Bezymianny
and Shiveluch volcanoes in Kamchatka in 1956
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Table 3. Cohesive debris flows of Holocene age formed by transformation of flank and sector collapses on Mount
Rainier and Mount Baker — [km, kilometers]

Volume Known runout References
Volcano and flow Age* (km3) distance (km) and notes
MOUNT RAINIER
Tahoma Lahar ~400 ~0.10 >18 Scott and others (1995);
(calendar years) volume revised down
Electron Mudflow ~500 0.23 68 Crandell (1971); Scott and
(calendar years) (Puget Sound) others (1995); P.T. Pringle
(personal commun., 2001)
“1,000-yr-old” lahar 1,000 < ~0.20 >24 Crandell (1971); volume
revised down
Round Pass Mudflow 2,600 £ 155 >0.40 >31 Crandell (1971); Scott and
(Puyallup River) others (1995)
Round Pass Mudflow 2,600 * 50 0.17 >25 Crandell (1971); Scott and
(Nisqually River) others (1995); this report
Unnamed lahar 2,900 + 60 ~0.15 >14 This report
“Pre-Y Lahar” 3,490 =+ 60 ~0.15 >36 Crandell (1971); Scott and
others (1995); this report
0Osceola Mudflow 4832 + 43 3.8 125 Crandell (1971); Vallance
(Puget Sound) and Scott (1997)
Paradise Lahar same age as 0.10 >36 Crandell (1971); Scott and
Osceola Mudflow others (1995)
MOUNT BAKER*
Lahar from Sherman Crater  Post A.D. 1847 0.002 >125 ’{‘his report
(1858?) |
Morovitz Creek lahar AD. 1845-1847  0.02-0.03 >15 Scott and others (2000);
(to natural this report
Baker Lake)
Ridley Creek lahar 5,700 = 50 — ~0.10 >33 This report
5,900 = 50
Middle Fork Nooksack ~5,900 =+ 50 ~0.20 >44 T Scott and others (2000);
River lahar this report
Park Creek lahar ~5,930 £+ 50 ~0.05 >15 Scott and others (2000);
' this report
Schriebers Meadow lahar ~8,500 = 70 ~0.02 >9 Scott and others (2000);
‘ this report

* Ages are in radiocarbon years before present unless otherwise indicated. |

T Known runout distance is 44 km (Dragovich and others, 1997) to elevation 20 m in the Nooksack River (P.T. Pringle, written
commun., 1997); probably > 60 km to mid-Holocene coastal area of Puget Sound.

# Magmatic tephras: SP, 10,870 + 80; SC, 8,830 =+ 30; BA, 5,740 = 50. Phreatomagmatic tephras: OP, 5,800 £ 50;
YP, AD. 1843
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Table 4. Debris avalanches (post-A.D. 1850} from Mount Rainier and Mount Baker.

[km, kilometers]

Avalanche
Volume runout distance
Volcano and flow Date (km?3) {km) References
MOUNT RAINIER
Tahoma Glacier 1910-1927 0.004 7.2 Crandell (1971); Scott and
debris avalanche Vallance (1995)
Carbon Glacier 1916 ~0.006 >6.0 Driedger (1986); Scott and
rockslide Vallance (1995)
Little Tahoma Peak 1963 0.011 7.5 * Crandell and Fahnestock
debris avalanche(s) (1965); Scott and Vallance
(1995)
Curtis Ridge 1989 < 0.001 4.4 Norris (1994); Scott and
debris avalanche Vallance (1995)
Curtis Ridge 1992 << 0.001 2.0 Norris (1994)
debris avalanche
MOUNT BAKER
Avalanche Gorge 1890-1891 0.020 10.5 T Hyde and Crandell (1978);
debris avalanche Fuller (1980); this report
(debris avalanche transformed
to cohesive debris flow)
Boulder Glacier 1960, 1962 << 0.001 2.1-2.6 Frank and others (1975)
debris avalanches 1969, 1973

* Flow(s) may have extended significantly farther if not dammed by a Neoglacial terminal moraine. Small secondary debris flow

continued downstream.

T Flow is a cohesive debris flow (>6.0 % clay) by km 8.5. Source rock is mainly 2 mid-Pleistocene unit mapped as “andesite of

Lava Divide” by W. Hildreth (written commun., 1997).

and 1964, respectively (Belousov and
Bogoyavlenskaya, 1988; Belousov, 1995).

Surface inflation with initial injection of
magma into the subvolcanic crust within 5 km of
the surface can readily be detected with adequate
geodetic monitoring (Dzurisin, 1998). Neverthe-
less, collapse potentially may occur so early in a
magmatic episode that staged alert levels may not
have reached the point at which eruption is
believed to impend and thus flow pathways are
evacuated. Collapse probability will begin to
increase as soon as magmatic activity is detected
and will continue to increase as it proceeds.

Rainfall

The role of water in destabilizing source
material and in mobilizing landslides of all types

is pervasive. Multiple, mainly asynchronous
failures triggered by rapid infiltration and slope
erosion in all steeplands are common during
major storms, but are especially so in volcanic
terrains as in the case of Sarno, Italy, described
above.

The most recent example of a single, cata-
strophic flank collapse was the 1998 failure of
part of the edifice of Volcan Casita in Nicaragua
in response to precipitation from Hurricane
Mitch. A single landslide transformed to a debris
flow that took 2,500 lives and destroyed two
towns 7 km downstream (Scott, 2000). The flow
wave enlarged by mobilizing and eroding
surficial deposits, increasing in volume by several
times relative to the contributing volume of the
flank collapse. The flank collapse yielded a
hyperconcentrated flood with separation of
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coarse bedload on the edifice flank, but then,
beyond the base of the edifice, mobilized satu-
rated surficial material to bulk and transform to
the catastrophic debris flow. The two “new
towns,” sited in a prehistorically active debris
flow pathway, were obliterated by the 3.5-m
deep, 1.2-km-wide debris flow.

Earthquakes

Stratovolcanic edifices in tectonically active
belts are obvious source areas of seismogenic
landslides. The potential for volcanic landslides
triggered by earthquakes of nonmagmatic origin
is indicated by the case histories discussed here
and by the general frequency and hazards of
historic landslides triggered by tectonic earth-
quakes (Keefer, 1984). About 35 percent of
historic landslides that blocked and dammed
drainages were caused by earthquakes (Costa and
Schuster, 1991). Post (1967) recorded numerous
landslides triggered by the 1964 M 8.4 Alaska
earthquake.

The seismogenesis of many large prehistoric
landslides in the Pacific Northwest is based on
correlation of the ages of multiple radiocarbon-
dated failures with the times, also radiocarbon-
dated, of both crustal and subduction-zone
paleoearthquakes (Schuster and others, 1992 and
1995; Engebretson and others, 1996; Pringle and
others, 1998). No significant correlation is yet
apparent, however, between the times of the most
recent subduction-zone paleoearthquakes and the
times of volcano collapse in the Cascade Range.
However, based on the reported numbers of large
landslides that have been linked to paleoearth-
quakes in the Cascade Range and the Pacific
Northwest, for seismogenic volcano collapses to
be other than a significant hazard, the altered
rocks of stratovolcanoes will have to shown to be
more stable than the ancient eroded terrains that
yielded these landslides.

Volcanoes are subject to earthquakes related
to regional tectonic forces, to gravitational forces
related to the progressive disintegration of an
edifice, to forces associated with cooling magma
bodies and the resulting hydrothermal circulation,
and to edifice effects—gravitational forces
relating to loading of the crust by the mass of the
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volcano (Moran, 1997). Mount Rainier, for
example, is relatively seismically active (Malone,
1996; Malone and Moran, 1997), but the source
of the stresses for the abundant shallow earth-
quakes centered beneath the volcano is unknown
(Moran, 1997). Nearby seismic zones are
potential sources of an earthquake large enough
to trigger a flank collapse (Moran, 1997, p. 17,
120-121). 3

Volcanoes in Nicaragua have yielded several
catastrophic flows in addition to the collapse of
Volcan Casita in 1998. Two of those flows, at
Mombacho in A.D. 1570 with about 400 fatalities
and at Cosigiiina in 1950 with about 1,000
deaths, were seismogenic (W. Strauch, personal
commun., 1999). Both triggering earthquakes are
believed by Strauch to have been tectonic in
origin.

A 0.034 km?3-flank collapse was triggered by
a reportedly tectonic earthquake (M 6.8), yielding
a 0.056-km?> debris avalanche (volume increased
by bulking) at Ontake Volcano, Japan, in 1984
(Inokuchi, 1985; Endo and others, 1989).

Earthquakes may also trigger noncohesive
flows in volcanic zones. A granular debris flow
formed by bulking of a glacier-outburst flood
with proglacial alluvial deposits in Peru on
January 13, 1998, apparently as a delayed re-
sponse to several earthquakes, the first and largest
(M 5.5) at 23:55 hours on January 9. The debris
flow traveled over 20 km from Nevado
Sacsarayoc in the Rio Sa sara to cause 18
fatalities in the villages of Yanatile and Santa
Teresa, 10 km west of Machu Picchu. Investiga-
tions by one of us (Macias) indicate that fatalities
were significantly reduced by villagers’ aware-
ness of the danger of debris flows, some possibly
seismogenic, from past hj‘story. Alluvial terraces
contain the deposits of at least three previous
noncohesive debris flows| An event warning
came from the noise of the flow, described by
villagers as so loud it was heard in the adjoining
valley of the Rio Santa Teresa.

Gravity

The potential for gravitational collapse
without a discrete triggering event relates to the
continuous weakening of the edifice by alteration




possibly combined with such progressively
destabilizing changes as tectonic tilting (Johnson,
1987; Siebe and others, 1992), tectonic spreading
(van Wyk de Vries and Francis, 1997; van Wyk
de Vries and others, 2000), faulting (Alloway and
others, 1986), sea level changes at coastal volca-
noes (Wallmann and others, 1988), or the
debuttressing effects of erosion (Day, 1996) or
glacial recession (Scott and Vallance, 1995,

sheet 2). Collapse may simply occur as weakness
progresses to some unknowable point at some
unknowable time. Lopez and Williams (1993)
make a general case for collapses related prima-
rily to the instability caused by hydro-thermal
processes, with failure presumably triggered by a
variety of events. In the words of Hoblitt and
others (1998), “like a house infested with ter-
mites, the affected part of the volcano eventually
becomes so weak that it collapses under its own
weight,” and thereby generates a cohesive-debris
flow or debris avalanche.

Small historic debris avalanches and rock-
slides, with volumes less than approximately
0.020 km?, have occurred at Mounts Rainier and
Baker since the initiation of Neoglacial recession
about A.D. 1850 (table 4). Of the flows in
Table 4, only the Avalanche Gorge debris ava-
lanche at Mount Baker in A.D. 1890-1891
transformed to a cohesive debris flow. Hydro-
volcanic activity is considered a possibility in the
triggering of several of these events (for example,
Crandell and Fahnestock, 1965), but most have
no explanation other than gravitational collapse.
Debuttressing of unstable slopes by the progres-
sive loss of Neoglacial ice over the last 150 years
is possibly a contributing factor. These historic
collapses, with runouts extending as much as
10.5 km from the base of a Cascade Range
volcano, can be interpreted as part of a popula-
tion of gravitational collapses that may include
examples large enough to transform to debris
flows that will extend to more highly populated
areas.

Hydrovolcanic Activity (Phreatic and
Phreatomagmatic)

Phreatic activity at a volcano is described by
Francis (1993) as resulting from small amounts

of water coming in contact with hot volcanic
rock, not necessarily molten magma, and produc-
ing small-scale steam explosions;
phreatomagmatic activity is described as result-
ing from generally larger amounts of water
interacting directly with magma to produce
violently explosive eruptions. Therefore, phreatic
tephras consist of lithic, non-juvenile material,
whereas phreatomagmatic tephras contain
juvenile material. This necessarily tephra-based
distinction creates a black-or-white classification
of the events recorded in eruptive products that
can be misleading in, for example, a purely lithic
tephra from an explosion related to magma too
deep to be incorporated in the tephra. There is a
spectrum of interactions involving various
degrees of linkage between water, hot rock, and
magma that are best described generically as
hydrovolcanic activity. As evidence accumulates
of a relationship or lack thereof with magma,
activity can be described as phreatic or
phreatomagmatic. For example, the tephra
produced by a large hydrovolcanic explosion
triggering the largest collapses at Mount Baker
consists of altered lithics, with a trace component
of equivocally juvenile material. Nevertheless,
we consider that eruption as phreatomagmatic
because it was closely followed by a magmatic
eruption.

The 1.5-km> sector collapse at Bandai
Volcano in Japan in A.D. 1888 is widely cited as
having been triggered by phreatic eruptions with
no magmatic component (for example, Siebert
and others, 1987; Nakamura and Glicken, 1997).
However, at the time of his death in 1991, Harry
Glicken (personal commun., 1991) was investi-
gating the possibility of that event being related
to a local deposit of a lateral blast that may
contain juvenile material. That association
remains unconfirmed.

Triggering Mechanisms Related to
Possibility of Pre-event Warning

In planning mitigation for cities near volca-
noes, a burden of certainty rests on the assump-
tion that collapse will be preceded by magmatic
activity that is detected, recognized, and acted
upon by evacuating and sustaining the evacua-
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tions in potential flow pathways. Even if collapse
is certain to be associated with magmatic activity
and thus can be anticipated, can it be anticipated
to the degree that evacuations of cities at risk far
downstream have been ordered and completed?
It is the remarkable ability of debris flows to
extend to lowlands many tens of km beyond the
edifice that makes the hazardous potential of
cohesive debris flows so difficult to comprehend
and appreciate. Mount Rainier, draining to
communities that are suburbs of Tacoma and
Seattle, Washington, is an example of this
dilemma, in that sustained evacuation of flow
pathways there could disable an economy of
regional scale.

Earthquakes, gravitational forces, and
rainfall are triggers without useful or detectable
precursors. Hydrovolcanic explosions, if phreatic
and not phreatomagmatic, may likewise occur
without precursors. Phreatic explosions are
“common, if rather minor” (Francis, 1993), and
have been considered possible triggers of some
historic landslides at Cascade Range volcanoes
(Crandell, 1971; Crandell and Fahnestock, 1965).
Mount Rainier is now, following significant
Neoglacial recession, covered by 4.2 km?> of
snow and ice (Driedger and Kennard, 1986).
Thus, it has probably been the site of numerous
phreatomagmatic as well as purely phreatic
explosions at various scales throughout eruptive
and quiescent periods of the Holocene.

The net result of the above summary is that
flank collapse, at a scale potentially catastrophic
at a Cascade Range volcano and elsewhere, is a
hazard that is both a significant syneruptive
volcanic hazard that can be predicted, and a
hazard relating only to the presence of large
volumes of weak, unstable and probably satu-
rated material underlying steep slopes at high
altitudes in tectonically active zones. No effec-
tive pre-event warning of a catastrophic debris
flow can be assured for many communities in
volcanic terrains, as survivors near volcanoes
such as Nevado del Ruiz and Nevado del Huila
(Colombia), Pico de Orizaba (Mexico), Osorno
(Chile), Reventador (Ecuador), or Casita (Nicara-
gua) can attest.
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RECOGNITION OF VOLCANIC
DEBRIS AVALANCHES AND
COHESIVE DEBRIS FLOWS (LAHARS)
FROM DEPOSITS

Documenting past flows and their frequen-
cies and mobilities is vital to assessing future
volcanic flow hazards. Figure 15 attempts to
show a general progression from a landslide of
weak, altered material to cohesive debris flow.
Variations on this theme are many, most notably
in the distance over which the transformation can
occur.

Longitudinal Transformation and Textural
Change

Deposits show that megaclasts may domi-
nate the larger flows for only a short distance.
Flow transformation is so efficient that in many
of the cases with which we are familiar (table 3)
debris flow formation occurs within 1-5 km of
source. Thereafter, the remaining megaclasts
(>1.0 m in diameter) are dispersed in an
intermegaclast matrix consisting of clasts (2 mm
to 1 m in diameter) and matrix (< 2 mm). Then,
as these remaining mega-clasts disaggregate or
are deposited, the intermegaclast matrix in effect
becomes the debris flow fhat may travel upwards
of 100 km without further transformation.
Subsequent longitudinal changes may consist of
eventual complete loss of megaclasts, a higher
clay content, and a higher proportion of litholo-
gies bulked during flow. 'Megaclasts of poorly
consolidated or weaker material contribute
mainly to the finer matrix component of the
developing intermegaclast matrix (fig. 2) or are
deposited; megaclasts of more durable lithologies
may fracture into both clasts and matrix material
or be deposited (fig. 15, B-D). Any remaining
megaclasts commonly protrude as mounds once
deposition occurs, and their photogenic presence
is the main reason that several hundred large
volcanic debris avalanch%s have been recorded
around the world. ‘




A few megaclasts may remain to form
mounds on lateral and distal debris flow deposits
(fig. 15, B and C), in cases causing the flow to be
incorrectly identified as a volcanic debris ava-
lanche. Or, all the megaclasts may have disinte-
grated or been deposited upstream, so that the
runout deposit lacks mounds (fig. 15, D) and may
not be readily recognized. If it is identified, its
moundless surface may cause it to be assessed as
a separate flow unrelated to its upstream facies,
probably identified there as a mound-bearing
“debris avalanche.”

Debris flows of all scales are characterized
by the tendency for a concentration of the largest
clasts at the moving flow front, which may
correspond to or be closely followed by the peak

stage and discharge. A progressive decline in
clast size from the front to the tail of a single
flow wave is a general characteristic of both
large volcanic and small alpine debris flows, as
illustrated by Sharp and Nobles (1953, fig. 3).
Flow at the front is continuously cycled toward
the channel boundaries, both to the sides and
bottom, described by Johnson (1984) as being
like the circular movement of a caterpillar-tractor
tread as the tractor moves forward. In this model,
flow toward the channel boundaries reverses and
re-enters the main thread of the flow after the
peak passes, again to move forward to the front to
complete one in a series of continuous loops.
Megaclasts moved in this way may get stranded
in the shallows when the lateral flow reverses,

Megaclasts
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weathered rock
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Figure 15. Diagrammatic portrayal of stages in formation of a cohesive debris flow or lahar, where the failed mass
consists of similar amounts of hard, coherent rock and weak, readily disaggregated material.
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forming a megaclast-bearing lateral facies. With
the variation superimposed by the bulking from
channel sides of both consolidated and unconsoli-
dated megaclasts (Scott, 1988b, fig. 8),
megaclasts generally get smaller downstream (Ui,
1981; Palmer and others, 1991).

Interpreting Flows and their Behavior
from their Deposits

The best known volcanic debris avalanche
began as a sector collapse at Mount St. Helens in

1980 (Glicken, 1996 and 1998). The megaclast-
rich and mounded deposits of that 2.5- km? flow

(table 1) quickly stimulated the recognition of

other debris avalanches on the basis of
megaclasts and mounds. Its lack of direct
transformation to debris flow and consequent low
mobility became the behavioral model for the
runout of a volcanic collapse, despite early
descriptions of the deposits of some other
mound-bearing collapse runouts as those of
mudflows. For example, Escher (1925) described
a mound-bearing flow deposit (2.9 km?) with
“10,000 hills” (actually 3,600) that extended over
250 km? below Galunggung Volcano in Indone-
sia as that of a “wet lahar” Likewise, McPhail
(1973) described a typical volcanic debris
avalanche (>10 km?) in Chile as the Rio Teno
Lahar.

Table 5. Inter-megaclast texture and mound density of a debris avalanche in the Rio Teno, Chile (McPhail, 1973;
Naranjo and others, 1997) and the Osceola mudflow (Vallance and Scott, 1997).

[%, percent; km, kilometers]

Mounds as percentage

Flow and facies Intermegaclast texture of surface {%) Location
Debris avalanche in RioTeno
Lateral mounded facies 2.7-6.3 percent clay; 14.1-22.0 31 Maximum mound density in

(upstream)

Lateral mounded facies
(downstream)

Central, axial facies

Osceola Mudflow
Lateral mounded facies

Central, axial facies

percent silt plus clay; sorting of
3.5—4.5¢* Four samples at
22~57 km from source.

3.5-7.8 percent clay; 14.3-24.0
percent silt plus clay; sorting of
3.9-5.0¢* Five samples at
75-85 km from source.

3.0-4.8 percent clay; 12.2-19.7
percent silt plus clay; sorting of
4.0-5.3¢* Three samples at
60~77 km from source.

2.5-5.2 percent clay; 10.6-16.7
percent silt plus clay; sorting of
4.3-5.00* Five samples at
3040 km from source
(Vallance and Scott, 1997).

1.6-9.4 percent clay (average of
0.3 percent); 5.8-23.4 percent

1-km? areas in lateral
deposits on north side of
Rio Teno valley.

3650 Maximum mound density in
}-km2 areas in lateral
deposits on north side of

epositional area.

8 Average on original parts of
?O-km2 distal depositional
area.

Largest areas of exposure at
junctions of White River
with Silver Creek, Buck
Creek, Huckleberry Creek,

| .
and the Greenwater River.

<l Distal 200 km?.

silt plus clay; sorting of 4.8—6.2¢*.
Nine samples at 30~100 km from
source (Vallance and Scott, 1997).

Note: Mound spacing based on aerial and ground photos at each location.
*Sorting as the inclusive graphic standard deviation defined by Folk (1980) as &= (¢, — 0g4) /4 + (65— o) /0.6;
¢ values = ~log, (diameters in mm).

30 Catastrophic Debris Flows Transformed from Landslides in Volcanic Terrains



The textures of two volcanic debris ava-
lanches are described in table 5—the Osceola
Mudflow (Vallance and Scott, 1997), a cohesive
lahar of which a mound-bearing lateral facies has
been interpreted as a debris avalanche (fig. 16);
and the volcanic debris avalanche in the Rio
Teno, Chile (fig. 17) with deposits that are in
significant part those of a c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>