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PREFACE

Harry Glicken died on June 3, 1991. At the time of his death he was actively
working to convert his doctoral dissertation into a publication more readily fit for
public consumption. Harry published bits and pieces of his dissertation in various
outlets. These publications include:

Voight, Barry, Glicken, Harry, Janda, R.J., and Douglass, PM., 1981, Catastrophic rockslide
avalanche of May 18, in Lipman, PW., and Mullineaux, D.R., 1981, eds., The 1980 eruptions of
Mount St. Helens, Washington: U.S. Geological Survey Professional Paper 1250, p. 347-377.

Voight, Barry, Janda, R.J., Glicken, Harry, and Douglass, PM., 1983, Nature and mechanics
of the Mount St. Helens rockslide-avalanche of 18 May 1980: Geotechnique, v. 33, p. 243-273.

Glicken, Harry, Meyer, William, and Sabol, Martha A., 1989, Geology and ground-water
hydrology of Spirit Lake blockage, Mount St. Helens, Washington, with implications for lake
retention: U.S. Geologica Survey Bulletin 1789, 33 p.

Glicken, Harry, 1990, The rockslide-debris avalanche of the May 18, 1980, eruption of Mount
St. Helens--10th anniversary perspectives. Geoscience Canada, v. 17, p. 150-153.

Glicken, Harry, 1991, Sedimentary architecture of large vol canic-debris avalanches, in Fisher,
R.V. and Smith, G.A., eds., Sedimentation in Volcanic Settings. SEPM Specia Publication No.
45, p. 99-106.

Komorowski, J.C., Glicken, H.X, and Sheridan, M.F,, 1991, Secondary electron imagery of
microcracks and hackly fracture surfaces in sand-size clasts from the 1980 Mount St. Helens
debris-avalanche deposit; implications for particle-particle interactions: Geology, v. 19, p. 261-
264.

The full scope of Harry’s work, however, has never been published. Neverthe-
less, it has greatly influenced the study of volcanic debris avalanches worldwide.
Following the 1980 eruption of Mount St. Helens, debris avalanches suddenly were
recognized at numerous volcanoes around the globe; criteria for recognition of
debris avalanches, which Harry defined, have been used in numerous studies. His
profound influence on studies of debris avalanches is evident in the many papers
Harry coauthored on debris avalanches at other volcanoes, in various references to
his Mount St. Helens work, and in acknowledgments to his input found in many
papers on debris avalanches published since 1980.

The complete scope of Harry’s study of the Mount St. Helens debrisavalancheis
contained in this publication. It represents the most complete and detailed investiga-
tion of a volcanic debris avalanche conducted to date. In this publication, Harry
carefully lays out the geology of the former edifice of Mount St Helens, and the intri-
cate, and sometimes chaotic, geology of the debris-avalanche deposit. He then links
the geology of the mountain and features of the debris-avalanche deposit through
careful geologic correlation combined with eyewitness observations. By combining
careful geologic analysis with detailed eyewitness observations Harry is able to
reconstruct the first several minutes of the catastrophic May 18, 1980 eruption and to
provide insights into the transport mechanisms of the mass movement.

Perhaps the greatest contribution of this publication is the construction of
detailed geologic maps of the debris-avalanche deposit. These maps illustrate in
meticulous detail where various segments of the old edifice came to rest, how some
segments were transported intact, how other segments blended and mixed together,
and associations between the rockslide-debris avalanche and other volcanic pro-
cesses such as the devastating lateral blast and the lahar of the North Fork Toutle
River valey. Nowhere before has a deposit of this type been mapped in such detail.
Furthermore, the Mount St. Helens deposit will never be mapped in such detail
again. The deposit gradually is being eroded as the North Fork Toutle River channel



evolves. While some exposures are better than they were when Harry mapped the
deposit, others no longer exist.

This publication reflects the work embodied in Harry's doctoral dissertation;
however, owing to his tragic death, some modifications had to be made. The astute
reader will recognize that the deposit geology on the lithologic maps does not corre-
spond exactly to the base topography. Harry mapped the deposit lithology on a
1:12,000-scale base map constructed from a mosaic of specialy made 1:4800-scale
topographic maps. Unfortunately, the original base map was lost following Harry's
death, and it became cost prohibitive to reconstruct that base map from the 1:4800
scale maps. We therefore compromised by overlaying Harry’s detailed lithologic
maps of the debris avalanche onto 1:24,000-scale topographic maps, compiled from
1980 phaotography, that were blown up to a 1:12,000 scale. This compromise pre-
sents areasonable rendition of the geology of the debris-avalanche deposit with little
loss of detail. In addition to this modification of the original maps | have updated,
and in some cases added, citations to references where relevant.

Bringing Harry's work to publication has involved the efforts of many people.
Foremost among these is Carol Ostergren, formerly an editor with the U.S. Geologi-
cal Survey technical reportsdivision. Carol refused to let this work wither away fol-
lowing Harry’'s death. This publication reflects her tenacity as much as anything
else. John Costa and Dan Dzurisin of the Cascades Volcano Observatory felt that
this was a sufficiently important piece of work to publish and provided the time and
personnel necessary to seethat it was published. Steve Schilling, Lisa Faust, Bobbie
Myers, and Chris Janda tolerated my endless demands and spent many hours pro-
cessing geologic maps, line art, photographs, and page layout. | am grateful for their
willingness to involve themselves in this project and for the thoroughness they
brought to their tasks.

Jon Major
September 1996
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GLOSSARY

Block facies. The part of the debris-avalanche deposit that consists of debris-avalanche
blocks.

Clast. A rock of any size that would not break if passed through a sieve or immersed in
water.

Debris-avalanche block. An unconsolidated (or poorly consolidated) piece of the old
mountain transported to its place of deposition relatively intact. Contains many
clasts that range in size from micronsto meters.

Dilation. The volume expansion of a mass of material.

Disaggregation. The breaking apart of unconsolidated or poorly consolidated material
into its constituent clasts.

Fracturing. The breaking of individual clasts.

Matrix facies. A part of the debris-avalanche deposit that is completely mixed. Contains
all rock types from the old mountain, the juvenile dacite, and some material picked
up from surrounding terrain. Contains clasts of al sizes from microns to meters.

Particle. A separable or distinct unit in the deposit or the moving material.

Shattering. The thorough fracturing of clasts.

Slide block. A mass of the original rockslide visible on the eyewitness photographs.
Rocksdlide divided into slide blocks 1, 11, and 111; slide block 111 is a composite of
many discrete failures.

Texture. The size, shape, and fabric (pattern of arrangement) of particles that form the
deposit.
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ROCKSLIDE-DEBRISAVALANCHE OF MAY 18, 1980,
MOUNT ST. HELENSVOLCANO, WASHINGTON

By Harry Glicken

ABSTRACT

This report provides a detailed picture of the rock-
slide-debris avalanche of the May 18, 1980, eruption
of Mount St. Helens volcano. It provides a character-
ization of the deposit, a reinterpretation of the details
of the first minutes of the eruption of May 18, and
insight into the transport mechanism of the mass
movement.

Details of the rockdlide event, as revealed by eye-
witness photographs, are correlated with features of
the deposit. The photographs show three slide blocks
in the rockslide movement. Slide block | was trig-
gered by a magnitude 5.1 earthquake at 8:32 am.
Pacific Daylight Time (PD.T.). An exploding
cryptodome burst through slide block 11 to produce the
"blast surge." Slide block 111 consisted of many dis-
crete failures that were carried out in continuing pyro-
clastic currents generated from the exploding
cryptodome. The cryptodome continued to depressur-
ize after slide block 111, producing a blast deposit that
rests on top of the debris-avalanche deposit.

The hummocky 2.5-km® debris-avalanche deposit
consists of block facies (pieces of the pre- eruption
Mount St. Helens transported relatively intact) and
matrix facies (a mixture of rocks from the old moun-
tain and cryptodome dacite). Block facies is divided
into five lithologic units. Matrix facies was derived
from the explosively generated current of slide block
Il as well as from disaggregation and mixing of
debris-avalanche blocks.

The mean density of the old cone was measured to
be about 20 percent greater than the mean density of
the avalanche deposit. Density in the deposit does not
decrease with distance which suggests that debris-ava-

lanche blocks were dilated at the mountain, rather than
during transport. Various grain-size parameters that
show that clast size converges about a mean with dis-
tance suggest mixing during transport.

The debris-avalanche flow can be considered a
grain flow, where particles--either debris-avalanche
blocks or the clasts within the blocks--collided and
created dispersive stress norma to the movement of
material. The dispersive stress preserved the dilation
of the material and allowed it to flow.

INTRODUCTION

The May 18, 1980, eruption of Mount St. Helenswas
one of the most important geologic events of the century.
The eruption produced the largest mass movement in
recorded history. The explosion that resulted from the
depressurization of the volcano devastated the surround-
ing landscape and killed 53 people, and the subsequent
Plinian eruption produced tephra that spread around the
world.

The eruption provided an unprecedented opportunity
to understand the processes occurring during a major vol-
canic eruption. This report is the summary of one of the
studies that capitalized on that opportunity. The study
involved detailed field and laboratory work on the 2.5-
km? deposit of the rockslide-debris avalanche that was
one of theinitia events of May 18. Combining thiswork
with studies of the geology of the old mountain (C.A.
Hopson, written communication, 1980) and studies of
eyewitness photographs of the first moments of the erup-
tion (Voight, 1981; Foxworthy and Hill, 1982; Moore and
Rice, 1984) this report tells much of the story of how the
volcano fell and blasted apart. It builds upon preliminary
work by Voight and others (1981, 1983).



Large volcanic debris avalanches are not uncommon
around volcanoes (Siebert, 1984) but they are not well
understood. The 1980 debris avalanche at Mount St.
Helens is the best exposed of these deposits. This
detailed study of the geology of the 1980 Mount St.
Helens deposit should provide information that will help
interpret old, poorly-exposed deposits at volcanoes
around the world.

The work also provides information that will help in
understanding the transport of large (>1 km®), non-volca-
nic mass movements. Although many of these mass
movements have occurred in historic and prehistoric time
(Voight, 1978) little detailed work has been done on the
resulting deposits.

| attempt to answer specific questions that are impor-
tant to the genera problem of how the volcano collapsed
and blasted apart. Those questions include:

What was the nature of the earthquake-triggered
rockslide that was the first event of the May 18, 1980
eruption of Mount St. Helens? Was it complicated by the
sudden depressurization of the volcano's magmatic and
hydrothermal system (the lateral blast)? What parts of
the old mountain fell away, and where were they depos-
ited?

What was the role of water and gas in the transport of
the material? Was the materia fluidized? Weas it turbu-
lent?

How did the material break up from its source on the
mountain to its place of deposition? How did the mate-
rial transform from a dide to a flow? How important
were grain-grain interactions in the movement? What
accounts for the production of the mixed "matrix facies?'
What accounts for the relatively long travel distance of
the material ?

Many different data sets are used to answer these
guestions. Some rely on traditional methods. The geol-
ogy of the source area was compiled, primarily from the
work of C.A. Hopson (University of California, written
commun., 1980). The deposit was mapped at a scale of
1:24,000, and six morphologic units were identified. A
detailed lithologic map of facies and rock types in the
deposit at a scale of 1:12,000 was compiled in order to
determine the resting places of various pieces of the old
mountain and to determine their sequence of deposition.
Stratigraphic relationships helped in the understanding of
the relationship of the rockslide-debris avalanche to the
lateral blast and the other events of May 18.

Other data sets were compiled by studying individual
exposures in much greater detail than is common in geo-
logic field work. Forty-four 1-m? exposures of the
debris-avalanche deposit were cleared of slope wash and
examined in detail. The facies and rock types in the

exposures were mapped and the large clasts were mea-
sured and identified. The field density of the exposures
was measured by the sand-cone technique. Laboratory
grain-size analyses were run on samples from the expo-
sures. The data on exposures provided information on the
breakup of the materia at the mountain and during trans-
port.

Aerial photographs and topographic maps of the
uneroded deposit are important data sets, and they were
also studied in detail. The post-eruption maps were com-
pared to the pre-eruption maps in order to construct an
isopach map. Various morphologic parameters were mea-
sured from the maps in order to quantify the description
of the morphology of the deposit.

Although selected problems are emphasized in this
work, the detailed description of the deposit is a maor
contribution of the study. There is no large volcanic
debris avalanche deposit in the world that has been stud-
ied in as much detail asthis one.
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GEOLOGY OF THE SOURCE AREA
GENERAL STATEMENT

The source of the rockdide-debris avalanche is the
cone of Mount St. Helens. The 2.8-km® crater (fig. 1)
was formed during the May 18 eruption as a result of the
failure of the edifice because of the rockslide and the
associated lateral blast. The geology of the volcano was
mapped by C.A. Hopson (written commun., 1980) before
1980, and the walls of the crater were mapped by Hopson
after the eruption (Hopson and Melson, 1982; written
commun., 1984). Smith (1984) and Smith and Leeman
(1987) studied the petrography and geochemistry of
some of the pre-1980 rocks.

Thework of these authors is summarized hereto pro-
vide a guide to the rocks within the debris-avalanche
deposit. In addition, cross-sections of the mountain as it
was just before the eruption (fig. 2) were constructed
using Hopson's work and pre-May 18 deformation data
(Lipman and others, 1981; Moore and Albee, 1981; Jor-
dan and Kieffer, 1981).

Three units are differentiated in the part of the pre-
1980 mountain that became the debris-avalanche deposit
(fig. 3). Theunits are generalized from previous geologic
work (Hopson and Melson, 1982; Mullineaux and
Crandell, 1981). The older dacite unit makes up the core
of the old mountain, forming the light-colored exposures
in the crater below an altitude of about 7,000 to 7,500 ft
(2,100 to 2,300 m), and it is overlain by the dark-colored
andesite and basalt unit (fig. 4). The Goat Rocks and
Summit domes, removed during the rockslide-debris ava-
lanche, make up the modern dacite unit. The three pre-
1980 units were intruded by a dacite magma body (called
the cryptodome) in the weeks prior to the May 18 erup-
tion.

DESCRIPTION OF ROCK UNITS

OLDER DACITE UNIT

Hornblende-hypersthene dacite makes up the light-
colored exposures in the crater below an altitude of about
7,000-7,500 ft (2,100 to 2,300 m). The rock consists of a
complex assemblage of fresh and hydrothermally altered
dome lavas and dome flank breccias (C.A. Hopson, writ-
ten commun., 1984) that make up the core of Mount St.
Helens (fig. 2). This older foundation of Mount St.
Helens was first recognized by Verhoogen (1937), who
referred to the older dacite as "the old Mount St. Helens
lavas."

The older dacite rocksin the crater are not dated. By
correlation with exposures on the outside of the crater
and stratigraphic position under andesites and basalts
dated by paleomagnetic and radiocarbon methods, the
older dacite unit is assigned an age of pre-Castle Creek
(fig. 3), older than 2,500 years (Hopson and Melson,
1982). Most of the older dacite in the crater is likely of
Pine Creek age, 2,500 to 3,000 years old (C.A. Hopson,
written commun., 1986).

The older dacite rocks are hornblende-hypersthene
dacite with abundant large (>2 mm length) phenocrysts
of plagioclase and hornblende (figs. 5 and 6) and smaller
but more abundant hypersthene. The rocks contain inclu-
sions of varying composition that are similar in appear-
ance to the primarily gabbroic inclusions of the Mount St.
Helens 1980-84 dome (Heliker, 1984; 1995).

The older dacitein the crater islocally altered to var-
ious shades of green, pink, yellow, and gray. Probable
equivalent rocks in the debris-avalanche deposit, ana
lyzed by Pevear and others (1982) using scanning elec-
tron microscopy (SEM) and X-ray powder diffraction
techniques, contain smectite as the dominant clay min-
eral, although mixed-layer chlorite/smectite and chlorite
also are present. The dominance of smectite indicates
that the hydrothermal alteration occurred at temperatures
generally below 200 °C, and that the smectite was likely
the result of long-term hydrothermal alteration (Pevear
and others, 1982). There are also the silica polymorphs
tridymite, cristobalite, and quartz in the <2 um fraction,
and they may be primary groundmass phases, vapor
phases, or products of hydrothermal or fumarolic alter-
ation at low temperatures (Pevear and others, 1982; C.A.
Hopson, written commun., 1984).

Andesite, basalt, and subordinate dark-colored dacite
dikestens of centimeters to meters wide are common fea
tures of the crater walls (fig. 7). The dikes, which intrude
the older dacite unit to feed the overlying andesite and
basalt flows, are commonly jointed, faulted, and frac-
tured.
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YEARS BEFORE ERUPTIVE ROCK UNITS IN DEBRIS-
1980 PERIOD TYPES AVALANCHE DEPOSIT
0 —5---1980---- Dacite -------- Cryptodome
} Goat Rocks  Andesite (Juvenile blast dacite)
Dacite Modern dacite
500 _} Kalama Andesite unit
(Summitdome) Dacite
Andesite and
1,000 basalt unit
1,500
Castle Basalt
2,000 = >Creek Andesite
J
2,500
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Pine Dacite
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Smith Dacite
33004000 {| gfoch > Older dacite
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8.000-13,000 { Swift Dacite unt
' ! Creek
18,000-20,000 { Cougar Dacite
35,000-40,000 { Ape Dacite
! ! Canyon

Figure 3. Eruptive periods of Mount St. Helens that produced
rocks in debris avalanche, showing generalized units designated
for thiswork. After Mullineaux and Crandell (1981).

ANDESITE AND BASALT UNIT

Dark-colored andesite and basalt in the crater,
termed the "andesite and basalt unit", rest on the older
dacite unit. These rocks are lava flows as well as lithic
and scoriaceous tephra of andesitic and basaltic composi-
tion. They are correlated with the eruptive products of
the Castle Creek and Kaama eruptive periods (fig. 3) that
were mapped on and around the flanks of the pre-1980
mountain (C.A. Hopson, written commun., 1980) and
dated at about 2,200 to 350 yr B.P. (Mullineaux and
Crandell, 1981). However, some of these rocks in the
crater are magnetized in a direction characteristic of
rocks dated at 2,500-3,000 yrs (R.T. Holcomb, oral com-
mun., 1981).

The andesites and basalts are distinct from the dac-
ites in both color and mineralogy (figs. 5 and 6). They
are generally black or dark gray but locally are atered to
various shades of red. The andesites generally contain

plagioclase phenocrysts, and they contain varying
amounts of hypersthene and augite. Amphibole is scarce
to absent; modal analyses of eight samples by Smith
(1984) show 5 modal percent in one sample and trace
amounts in two others. Olivine is uncommon (C.A. Hop-
son, written commun., 1984) in the true andesites (56 to
63 percent silica; Ewart, 1982) and generally occurs as
resorbed microphenocrysts <1 mm wide. The basalts and
basaltic andesites (<56 percent silica) are characterized
by olivine phenocrysts; point-counting of 10 samples
shows 0.2 to 6.3 percent olivine (Smith, 1984). These
rocks also generally contain plagioclase phenocrysts, and
contain abundant augite. The basaltic andesites (53 to 56
percent silica) also have subordinate microphenocrystic
hypersthene. The andesite and the basalt are both vari-
ably vesicular and locally are extremely scoriaceous.

MODERN DACITE UNIT

Dacite named here the "modern dacite unit" was
present on the pre-eruption cone of Mount St. Helens. It
consists of the Goat Rocks dome of the Goat Rocks erup-
tive period and the Summit dome of the Kalama eruptive
period (fig. 3) as well as deposits of hot avalanches from
these domes. The domes themselveswere carried away in
the rockslide-debris avalanche of May 18, but the hot ava-
lanche deposits remain on the flanks. Summit dome was
dated by Hoblitt and others (1980) to be approximately
350 yr old. More recent tree-ring analyses suggest that
dome emplacement began in A.D. 1647 and that the dome
was intermittently active for about 100 years (Yamaguchi
and Hoblitt, 1995). Goat Rocks was dated at approxi-
mately 123 to 180 yr before 1980 (Hoblitt and others,
1980). Tree-ring evidence indicates the dome was active
in A.D. 1842-1843 (Yamaguchi and Lawrence, 1993).
The rocks are called "modern" dacite to distinguish them
from the older dacite, which is older than 2,500 yr.

The modern dacite rocks of the Goat Rocks and Sum-
mit domes are chiefly augite-hornblende-hypersthene
dacite (figs. 5B and 6B). They are light gray when fresh
and various shades of red and pink when altered. The dac-
ite is nearly aphyric in hand specimen, but close examina-
tion reveals microphenocrysts of hornblende (or
oxyhornblende), pyroxene, and plagioclase. The rock is
distinguished from the older dacite by the size of the
amphibole phenocrysts; the modern dacite phenocrysts
are <2 mm long, generaly <1 mm long (figs. 5 and 6),
whereas the older dacite phenocrysts are >2 mm long.
Like the older dacite, the modern dacite also contains
inclusions of primarily gabbroic composition (Heliker,
1984; 1995)

The rocks from the Goat Rocks and Summit domes
are indistinguishable from each other in hand specimen



Figure4. Photograph of west crater wall in summer 1980 showing light-colored older dacite unit overlain by dark-colored andesite-and-
basalt unit.

and thin section (table 1). Moreover, available chemical
analyses (Hoblitt and others, 1980; Smith and Leeman,
1987; C.A. Hopson, written commun., 1984) show con-
siderable overlap in the chemical compositions.

A ternary diagram of the primary mafic minerals (fig.
8) suggests that Goat Rocks dome rocks generally have a
higher ratio of orthopyroxene to hornblende+opaques
than rocks from the Summit dome. However, the error
inherent in the analysis (Galehouse, 1971) is greater than
the difference between the rock types, and duplicate thin
sections of the same rocks show a greater difference than
between different rock types. Hornblendet+opaques is
used for a corner of the plot instead of hornblende,
because in most thin sections from the highly atered
domes, hornblende is thoroughly opacitized and is diffi-
cult to distinguish from opague minerals. In some thin
sections, the pyroxenes were also opacitized; these sec-
tions were not used in the analyses.

CRYPTODOME

The dacite magma body that rose up inside the
mountain prior to May 18 is known as the cryptodome.
The cryptodome was almost all molten material; on the
exposed 1980-86 dome at Mount St. Helens, the outer
margin cooled at a rate of <5 cm/day (Dzurisin and oth-
ers, 1990). Because the cryptodome was not exposed, its
rate of cooling was probably much less, and the
cryptodome was <2 months old on May 18.

The rock that formed from this cryptodome was
found throughout the blast deposit and parts of the
debrissavalanche deposit. It is a digtinctive gray,
microvesicular to subpumiceous hypersthene-horn-
blende dacite (fig. 9C) (Hoblitt and others, 1981; Hoblitt
and Harmon, 1993) called the juvenile "blast" dacite.
Clasts of the dacite are characterized by prismatic joint-
ing when struck with a hammer (fig. 9B), indicating that
the rock was hot when the deposits were emplaced.
Clasts commonly have one or more breadcrusted surfaces
(fig. 9A).

8 Rockslide-Debris Avalanche of May 18, 1980, Mount St. Helens volcano, Washington



D

Figure5. Photographs of hand samples of rock from the old mountain. Scale marked in 10-cm intervals. A, Older decite. B, Mod-

ern dacite. C, Andesite. D, Basalt.

PRE-ERUPTION STRUCTURE

Cross sections of the volcano asit existed prior to the
1980 eruptions were constructed from geologic maps of
the old volcano (C.A. Hopson, written commun., 1980)
and measured sections of the 1980 crater (C.A. Hopson,
written commun., 1984). Three cross sections trend
approximately north-south through the axis of the crater,
and one trends approximately east-west perpendicular to
the axis (fig. 2). Preliminary cross sections were con-
structed by Voight and others (1981, 1983) and Moore
and Albee (1981).

The structure of the part of the pre-1980 volcano that
was removed in the rockdlide was relatively simple (figs.
2A,C.E,G). The older, pre-Castle Creek dacite made up
the bulk of the mountain and was topped by the andesite
and basalt lavas of the Castle Creek and Kalama eruptive

periods. Feeders for the modern dacite domes (Goat
Rocks dome and Summit domes) intruded through the
older dacite and the andesite and basalt units. According
to C.A. Hopson (Hopson and Melson, 1985), the Summit
dome erupted into a summit crater at the beginning of the
Kaama eruptive period. The volcano rests on well-lithi-
fied Tertiary bedrock (Evarts and others, 1987).

The intrusion that was unroofed in the May 18 laterd
blast (the cryptodome) deformed the north side of the
mountain (fig. 2B). Displacements of various points
within a 1.5- by 2.0-km area (called "the bulge"), which
were measured by geodetic techniques, showed subhori-
zontal northerly movements of 1.5-2.5 m/day (Lipman
and others, 1981). Comparison of topographic maps
made from aerial photographs taken in 1979 and at vari-
ous times during March-May 1980 (Voight and others,
1981; Jordan and Kieffer, 1981; Moore and Albee, 1981)



Figure 6. Thin sections of rock from the old mountain. A, Older dacite. B, Modern dacite. C, Andesite. D, Basalt.

shows dominantly northerly movements with local uplift
of as much as 5.6 m/day. Moore and Albee (1981) mod-
eled the geometry of the cryptodome as a bulbous mass
dlightly displaced to the north of the summit crater. Voi-
ght and others (1981, 1983) inferred a thick, sheetlike
body bending in a northward direction within the andes-
ite and basalt lavas.

The pre-May 18 intrusion is modeled here as intrud-
ing initially as a vertica magma body (figs. 2B and 2D).
The intrusion probably prepared the conduit for the 1980
explosive eruptions and 1980-86 dome. Its movement
was constrained laterally by the feeder for the Summit
dome and vertically by the Summit dome itself.

Seismic activity related to the volcano began about
March 20, peaked on March 25 to 27 (the 27th was the
day of the first phreatic eruption) and declined in subse-
quent weeks (Endo and others, 1981). This activity sug-
gests that the cryptodome magma broke its way to its
maximum altitude between March 20-27, and then
magma continued to rise up the conduit and expanded the
cryptodome to the north, causing lateral motion and some
vertical uplift of the northern part of the cone. The north-
ern migration of the area of maximum uplift after March

27 from its initial position just north of the summit gra-
ben (Moore and Albee, 1981; Lipman and others, 1981)
is consistent with thisidea.

The geometry and volume of the deformation and the
total volume of juvenile material in the blast and debris-
avalanche deposits constrains the geometry of the
cryptodome. Because the similar chemistry of al the
May 18 magmas suggests just one magma body (Lipman
and others, 1981), the vent for the May 18 afternoon Plin-
ian eruption is assumed to a so be the conduit for the pre-
May 18 cryptodome below the crater floor. The
cryptodome is assumed to be restricted from inflating sig-
nificantly in a upward or southern direction by the Sum-
mit dome and its conduit. The lack of any deformation in
an east-west direction at the latitude of the conduit (Lip-
man and others, 1981; Moore and Albee, 1981) suggests
that the cryptodome did not inflate significantly in an
east-west direction at the latitude of the conduit; how-
ever, east-west inflation north of the conduit perhaps
accounts for some of the deformation that created the
bulge.

The volume increase of the volcano from March to
May 17, 1980, is calculated to have been 0.11-0.12 km®

10 Rockslide-Debris Avalanche of May 18, 1980, Mount St. Helens volcano, Washington
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Figure7. Dikesof andesite and basalt (lavaflow feeders) in crater

walls. A, View of east crater wall. Photograph by Lee Siebert. B,
Closeup of dike showing fractures.

(Moore and Albee, 1981; Jordan and Kieffer, 1981).
This is more than the 0.08 km® volume of the
cryptodome found within the deposits; about 0.05 km?>
was found in the blast surge deposit (Moore and Sisson,
1981) and about 0.03 km?® in the debris-avalanche

Hornblende

an
Opaques

h 100
Clinopyroxene Orthopyroxene

Figure 8. Ternary diagram of orthopyroxene, clinopyroxene, and
hornblendetopaques for modern dacite dome rocks. S, summit
dome; G, Goat Rocks dome; U, modern dacite of unknown origin
from debris-avalanche deposit. Lines between points indicate
duplicate thin sections of samerock. Boxes represent error at 95.4
percent confidence level (Kelley, 1971) for samples contained in
circles.

deposit. The difference may be duein part to inaccuracies
in the methods used to compute volumes, it may reflect
volume increase owing to dilation of the materia that
made up the mountain or injection of fluids released from
the magma (Voight and others, 1981), or the difference
may result from cryptodome material exploding into ash
too fine to be recognized as juvenile in the deposits.

Surface faulting was apparent on the mountain from
March-May, 1980 (Voight and others, 1981; Moore and
Albee, 1981; Krimmel and Post, 1981), and the surfaces
of the glaciers on the north side of the mountain were
highly fractured. Some of the surface fractures, espe-
cialy those associated with North Point and New North
Point, likely extended to depth to take up tens of meters of
displacement associated with the cryptodome emplace-
ment and northward expansion (fig. 2B), but much of the
deformation associated with the cryptodome may have
been taken up as displacement along smaller faults that
were not expressed on the surface. Because there is no
information on the nature and geometry of these hypo-
thetical faults, they are not shown on figure 2.

GEOLOGY OF THE SLIDE BLOCKS
The initial movement of the rockslide-debris ava-
lanche is modeled as three slide blocks (fig. 2). The dlide
blocks represent a series of retrogressive slope failures.
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Table1l. Modal analyses of modern dacite rocks from Mount St. Helens
[All samples from C.A. Hopson unless noted. plag, plagioclase; hbl, hornblende; opx, orthopyroxene; cpx, clinopyroxene; opaque, opague minerals; xeno,

xenolith; grdms, groundmass; vesicle, vesicles]

Rock plag hbl opx cpXx opaque xeno grdms vesicle Total
Goat Rocks
259-1 416 3 87 5 26 36 413 19 1003
442-1 399 7 65 5 16 8 446 53 1000
28-1 435 9 52 6 22 64 430 23 1040
1318-6 373 5 76 4 17 52 387 87 1001
8117#11 311 4 72 7 34 15 471 47 1001
8171421 333 13 67 5 24 27 465 57 1000
Summit dome
394-1#1 387 11 48 2 29 4 466 63 1010
394-1#2 416 11 33 1 17 3 482 59 1020
355-2 414 6 70 5 37 1 415 53 1001
151-1#1 423 18 46 2 33 2 472 25 1017
151-1#2 351 15 67 1 27 50 536 21 1022
1337-3 470 14 37 8 24 25 410 16 1004
Modern dacite from debris avalanche (unkown dome)
913G#1} 385 5 24 2 27 26 549 1 1000
913G#2! 400 3 50 3 27 25 503 3 1011

1Collected by author in 1981.

Slide blocks | and |1 were individual discrete failures, but
the area outlined as dlide block 111 probably generated
many discrete, successive failures that mixed with juve-
nile (cryptodome) and nonjuvenile materia generated
from the continuing blast explosions (Voight and others,
1983). The events associated with the movement of the
dlide blocks are discussed in greater detail in other parts
of thisreport.

Various data are used to determine boundaries of the
dlide blocks. The crater floor shown in figure 2 is taken
from a topographic map (fig. 1) made from aerial photo-
graphs flown in summer 1980. However, the crater floor
does not represent the base of the slide blocks; the baseis
prabably represented by the strong seismic velocity dis-
continuity that is 60-150 m below the crater floor aong
the axis of the crater floor from the dome to the north end
of the crater (Maone and Pavlis, 1983). This discontinu-
ity seems to coincide with the intersection of the curving
slopes of the crater walls projected underneath the talus
and the crater floor. The curviplanar crater walls at the
north end of the crater are assumed to represent lateral
boundaries of slide block |; the base of slide block | on
the cross section was obtained by extending the contours
of the spoon-shaped walls across the axis of the crater.
The base of slide block 11 is assumed to be roughly paral-

lel with the base of dlide block 1. The tops of the break-
away scarps of dide blocks | and Il are seen on the
photographs of Keith and Dorothy Stoffel (Stoffel and
Stoffel, 1980; Foxworthy and Hill, 1982) and Gary
Rosenquist (Voight, 1981) and are simply transferred to
the cross section by noting their location relative to vari-
ous points on the mountain as in Voight and others
(1981).

About 0.2 km® of unconsolidated material rests on
the base of the slide blocks in the crater. Nearly all the
material isinterpreted to be part of the "proximal unit" of
the debris-avalanche deposit (see "Geologic Maps of the
Deposit") because of its hummocky surface as well as
exposures and density characteristics typical of the
debris-avalanche deposit. The top few meters of the cra-
ter-filling material are pumiceous pyroclastic-flow and
tephra deposits from the later events of May 18.

The volumes of the three dide blocks and the vol-
umes of the different geologic units in each of the three
dlide blocks (table 2) were computed using the three
north-south-trending cross sections (figs. 2B, F, and H).
Because of the geometry of the crater, the structure of the
mountain is extremely difficult to interpret outside the
area bounded by the cross sections. The cross sections
enclose 75 percent of the volume of the crater. Because

12 Rockslide-Debris Avalanche of May 18, 1980, Mount St. Helens volcano, Washington



Figure 9. Photographs of juvenile blast dacite. A, Breadcrusted surface, indicating hot emplacement. Scale marked at 10-cm
intervals. B, Prismatic jointing, indicating hot emplacement. Scale marked at 10-cm intervals. C, Thin section.

the cross sections are similar except for the Goat Rocks
dome and the cryptodome, Goat Rocks dome and the
cryptodome were removed from the cross sections, and
then the relative volumes of each slide block and geo-
logic unit were assumed to be the mean of the relative
areas in each of the three north-south cross sections. The
volume outside the cross sections may be expected to
increase the percentage of the andesite and basalt unit rel-
ative to the older dacite unit and decrease the amount of
the modern dacite unit relative to the other units, but
probably by an amount small enough to not significantly
affect the results in table 2. The volume of the Goat
Rocks dome, which was estimated to be 0.03 km? (on the
basis of the area of the dome as shown on the geologic
map and the structure as shown in the cross sections), is

contained entirely within slide block 11; the volume of the
cryptodome, which is assumed to be 0.12 km® (Moore
and Albee, 1981), is assumed to be about 50 percent
within dlide block 11 and 50 percent within slide block 111,
on the basis of the cross sections.

GEOMETRY OF THE DEPOSIT

The debris-avalanche deposit covers about 64 km?,
including the material within Spirit Lake. Nearly all the
deposit is contained in a contiguous mMass measuring
about 26 km from the east to west ends along its axis, and
from 0.5 to 5 km wide measured perpendicular to the
axis. The longest travel path of the debris avalanche was
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Table 2. Slide blocks in each cross section and geologic unitsin each slide block

[Based on analysis of fig. 2; methodology discussed in text. Total volume of slide blocks includes source area for debris avalanche (including proximal units),

blast, and lithic airfall deposits]

A. Slide blocks in each cross section

Cross section . . 3
Slide block AA c-C D-D'  Mean Volume using means and g(s;g)mlng 3.0 km* total volume
(percent)
| 32 33 32 32 0.96
I 24 23 27 25 0.75
Il 43 44 41 43 1.29
B. Geologic units in each slide block
without cryptodome and Goat Rocks
Unit Slide block
| 1l 1
Cross section Cross section Cross section
A-A’ C-C D-D' Mean |a.p C-C D-D' Mean |A-A’ C-C D-D' Mean
(percent) (percent) (percent)
Older dacite unit 50 46 67 54 69 51 64 61 51 46 55 51
Andesite and basalt unit 45 52 33 43 2 19 17 12 27 36 37 33
Modern dacite unit 5 2 0 2 30 31 20 27 21 18 7 15
Using means computed above including Goat Rocks and cryptodome
Older dacite unit 52 56 49
Andesite and basalt unit 42 11 31
Modern dacite unit 5 25 14
Cryptodome 0 8 5

29 km, measured from the source of the materia (taken
as the site of the 1980-85 lava dome) to the distal (west)
end (along cross section H-H" pl. 5).

VOLUME AND THICKNESS

An isopach map of the material in the North Fork
Toutle River valley and in the valley of South Coldwater
Creek (pl. 1) was constructed by K.A. Cameron (written
commun., 1982) using 1:24,000-scale topographic maps
based on summer 1980 aeria photographs as well as
1954 1:62,500-scale maps. Nearly al the material repre-
sented by this isopach map is the debris-avalanche
deposit. However, lahar deposits of May 18, blast depos-
its covering the avalanche, and deposits of the 1980 pyro-
clastic flows just north of the mountain also fill the valley

and are included on the isopach map. The lahar deposits
and the blast deposits are both <10 m thick on top of the
avalanche deposit (Janda and others, 1981; Fisher and
others, 1987); this thickness is within the range of error
of the maps. The pyroclastic flow deposits are >40 m
thick in some areas (Glicken and others, 1989; Criswell,
1984).

The volume of the material on the isopach map was
computed to be 2.3 km® (K.A. Cameron, written com-
mun., 1984). Adding the 0.43 km® of material in Spirit
Lake (Meyer and Carpenter, 1982) and subtracting the
0.25 km® volume of the 1980 pyroclastic-flow deposit
(C.W. Criswell, written commun., 1985) gives a het vol-
ume of 2.5 km® for the debris-avalanche deposit. This
value is based on more accurate data than the preliminary
estimate of 2.8 km® (Voight and others, 1981, 1983).

14 Rockslide-Debris Avalanche of May 18, 1980, Mount St. Helens volcano, Washington



Neither calculation includes the approximately 0.2 km?3
of the crater-filling proximal unit.

The thickness of the debris-avalanche deposit is in
part a function of the underlying topography and the con-
figuration of the valley walls (shown on pls. 3, 4, and 5).
The deposit is thickest and the surface has the greatest
relief and the largest hummocks in the channel of the pre-
eruption North Fork Toutle River, but the deposit is much
thinner and the relief more subdued on the terraces of the
North Fork.

The debris-avalanche deposit thins significantly just
downstream from two major constrictions in the North
Fork Toutle River valey (pl. 1). The first constriction,
just west of the junction of Maratta Creek and the North
Fork Toutle River, coincides with the contact between the
debris-avalanche deposit composed entirely of block
facies and the mixed block and matrix facies of the west-
ern part of the avalanche deposit (pl. 4). West of this con-
striction, the deposit thins, then it thickens again (pl. 1) at
the congtriction just south of EIk Rock. As the valey
widens again just west of this constriction, there is a sec-
ond break-in-slope. The deposit is <30 m thick west of
this break-in-slope.

MORPHOLOGY OF HUMMOCKS

Hummocks are the most characteristic morphologic
feature of the debris avalanche deposit. Various parame-
ters of hummocks were measured on 1:24,000-scale
USGS topographic maps (with a 40-ft [12.2 m] contour
interval; base map of pl. 3) made from summer 1980
aeria photographs. The measurements quantify the char-
acterization of the morphology and provide clues regard-
ing the emplacement of the deposit.

For the purpose of the topographic map analysis, a
hummock is considered to be represented by one or more
closed contours (fig. 10). The minimum height of a hum-
mock is measured as:

(number of closed contours - 1) x 40 ft [12.2 m].
The maximum height of a hummock is measured as:
(number of contoursto base of slope - 1) x 40 ft [12.2 m].

The volume of each hummock is calculated by multi-
plying the area of each closed contour by the contour
interval (40 ft) and adding the volume increments
together.

The 40-ft contour interval limits the accuracy of the
measurements. The contour interval results in a total

1080 ——

Minimum height = 80 feet

Maximum height = 160 feet

Figure 10. Example of ahummock on atopographic map, show-
ing maximum and minimum measured heights.

error of £20 ft [6.1 m] for the measurements of hummock
heights. The error for the hummock volumeis:

+20 ft [6.1 m] x area of the largest closed contour.

Six hundred seventy-five hummocks were identified
on the 1:24,000-scal e topographic maps. The hummocks
of the proximal unit on the north flank of the mountain
and in the crater were not used in this analysis. The max-
imum and minimum heights, length, width, and orienta-
tion of the long axis for each hummock were measured
and the volume of each hummock was cal cul ated.

A number of different hummocks can be classified as
"the largest" hummock. The most voluminous hummock
is2.1x10° m3, and it is 15 km from its source at Mount St.
Helens. The highest measured minimum height is 37 m
for ahummock 11 km from the source. The highest max-
imum height is 73 m for the same hummock. The longest
hummock, 600 m in length, is 15 km from the source.

All the parameters except long-axis orientation were
plotted against distance from source (figs. 11A-E). It is
apparent that there are fewer of the larger hummocks
toward the distal end of the deposit.

There are two maxima on the plot of hummock length
versus distance from source (fig. 11A). The largest hum-
mocks are at 10 to 16 km, and a secondary maximum is at
1910 22 km. These two maxima are also expressed on the
plots of hummock maximum height (fig. 11D) and hum-
mock volume (fig. 11C).

All the plots show a "background" of small hum-
mocks that extend throughout the length of the debris-
avalanche deposit. These hummocks have volumes
<2x10° m?, lengths <80 m, widths <50 m, maximum
heights <15 m, and minimum heights <15 m. The back-
ground makes up more than 50 percent of the total num-
ber of hummocks, and more than 90 percent of the
hummaocks beyond 24 km.
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Figure 11. Hummock parameters versus distance from source. A, Length versus distance from source. B, Width versus distance
from source. C, Volume versus distance from source. D, Maximum height versus distance from source. E, Minimum height versus

distance from source.

ORIENTATION OF ELONGATE HUMMOCKS

The long axes of elongate hummocks of the debris-
avalanche deposit are plotted on plate 2. Plate 2 is con-
structed from a composite of 1:24,000-scal e topographic
maps (the base map for pl. 3), so it does not show the
smallest hummocks. Rose diagrams showing the orienta-
tions of the long axes are plotted adjacent to the outlined
parts of the debris-avalanche deposit.

The long-axis orientations of the hummocks gener-
aly are aligned approximately with the direction of flow
of the avalanche (areas B, D, F, G, and H, pl. 2). How-

ever, at the distal end of the debris-avalanche deposit
(areaA) and at the congtrictionsin the valley of the North
Fork Toutle River (areas C and E), where much of the
avalanche material stopped, the hummocks have rela
tively random orientations.

HUMMOCK TYPES

The hummocks of the debris-avalanche deposit are
divided into three different types based on the relation of
block facies to matrix facies (fig. 12). Block facies con-
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Figure 12. Hummock types. TypeA, block facies with no matrix
facies. Type B, predominantly matrix facies, debris-avalanche
blocks scattered throughout. Type C, debris-avalanche block sus-
pended in matrix facies; matrix facies probably carried debris-ava
lanche block.

sist of debris-avalanche blocks, unconsolidated or poorly
consolidated pieces of the old mountain transported rela-
tively intact. Matrix facies is an unconsolidated mixture
of al rock types from the old mountain and the juvenile
dacite; it contains clasts that range in size from microns
to meters. Block and matrix facies are discussed in detail
in "Texture of the Deposit".

Type A, block facies hummocks with no matrix
facies. One or more debris-avalanche blocks extend from
hummock to hummock (figs. 12 and 13A). There is no
matrix facies in the hummocks or in the interhummock
areas. Most of the hummocks of the eastern part of the
debris-avalanche deposit are type A hummaocks.

Type B, predominantly matrix facies hummocks.
These hummocks are made up amost entirely of matrix
facies (figs. 12 and 13B). Vertical exposures show that
there is no debris-avalanche block at the cores of the
hummocks, but there may be small debris-avalanche
blocks scattered throughout the hummocks (fig. 12).
These hummocks are generally much smaller than type A
hummocks.

Type C, hummocks made of debris-avalanche
blocks resting in matrix facies. These hummocks are
made entirely of large debris-avalanche blocks of the
block facies that rest in and likely were carried by the

et e = e

Figure 13. Photographs of types of hummocks. A, TypeA.
Oblique aeria photograph looking east toward Spirit Lake. View
about 500 m wide. Hummaocks are horstsin single debris-ava
lanche block. Contact of dark andesite and basalt unit overlying
light-colored, older dacite unit preserved intact from old mountain.
B, Type B. Hummock composed primarily of matrix facies. Small
debris- avalanche blocks are scattered throughout the hummock.
C, Type C. Debris-avalanche block suspended in matrix facies.
Note person for scale (circle).

matrix facies (figs. 12 and 13C). Type C hummocks
occur only in the western part of the deposit. At other

volcanic debris-avalanche deposits (for example, the

deposit north of Mount Shasta, Calif.; Crandell and oth-
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ers, 1984), most of the hummocks are interpreted to be
type C hummocks, but type C hummocks are very rarein
the Mount St. Helens debris-avalanche deposit.

FORMATION OF THE HUMMOCKS

Three mechanisms caused the formation of the hum-
mocks. Many hummocks probably formed from a com-
bination of two or more of the proposed mechanisms.

Mechanism 1. Some hummocks represent the horsts
of a simple horst and graben system (Voight and others,
1981, 1983). Thisis most evident in type A hummaocks,
where contacts from the old mountain were preserved
intact during transport (fig. 13A) and the contacts are
faulted down between the hummocks. Such features are
most common just west of Spirit Lake, but they aso
occur in the canyon of the North Fork Toutle River near
Coldwater Lake. Slickensides resulting from normal
faulting were visible on some hummocks in the first
weeks after the eruption (Voight and others, 1981).

Some hummocks with long-axis orientations parallel
to flow direction could be horsts resulting from latera
spreading of the debris downstream of a constriction.
The horsts would be part of a system of horsts and gra-
bens aligned parallel with the direction of flow.

Mechanism 2. Some hummocks probably represent
the surface topography of debrissavaanche blocks
(pieces of the old mountain). Thisisillustrated by hum-
mocks that show strata parallel to the surface of the hum-
mock, not faulted down between hummocks (fig. 14). In
the eastern part of the avalanche deposit, these hum-
mocks are type A hummocks, where debris-avalanche
blocks abut debris-avalanche blocks. In the eastern part
of area G, plate 2, the orientations of the long axes of sev-
eral hummocks are transverse to the direction of flow of
the debris avalanche, and the hummocks are anomalously
large, suggesting that they were formed by mechanism 2.
In the western part of the deposit, these hummocks are
type C hummocks, where debris-avalanche blocks are
suspended in matrix facies and a hummaock is made of
only one debris-avalanche block.

Mechanism 3. Some hummocks (both type A and
type B) formed as material was decelerated by basal or
lateral shear. There are two classes of hummocks formed
by this mechanism.

3A. Hummocks with long axes parallel to flow.
Many hummocks with long axes parallel to the direction
of flow probably formed as material decelerated by basal
shear was sculpted by material moving at a higher speed.
Hummocks adjacent to valley walls can be considered to
be levees, which are common aong the margins of the

Figure 14. Hummock with preserved contact paralleling sur-
face. Surface of hummock probably represents original topogra-
phy of debris-avalanche block.

deposit (see "Geologic Maps of the Deposit”). The
levees are interpreted to represent "dead regions'
(Johnson and Rodine, 1984) at the flow margins of a
Coulomb-viscous material. The model predicts that
material in the center of the channel moves as a rigid
plug, bounded by zones of laminar flow where velocity
varies from a maximum at the boundary with the plug to
zero near the walls of the channel. "Dead regions' occur
along margins of the channel; material is immobilized
because the shear generated by the movement of flowing
debris cannot overcome the strength of the material.

Some elongate hummocks oriented parallel to the
direction of movement but not adjacent to valley walls
could result from a similar process. However, unlike the
ideal materials considered by Johnson and Rodine
(1984), which have strength parameters uniformly dis-
tributed throughout the moving mass, the debris ava-
lanche consists of a combination of many different
materials and was characterized by strength inhomogene-
ity. Parts of the avalanche subjected to high basal shear
resistance slowed; adjacent parts of the material charac-
terized by less strength flowed past, sculpting the slower
moving material into elongate hummocks. Evidence for
this mechanism is that the most prominent elongate hum-
mocks are near Castle Lake (pl. 2), one of the thinnest
areas of the debris-avalanche deposit (pl. 1). In thin parts
of the avalanche, basal shear would be expected to be
important.

3B. Hummocks with randomly oriented long axes.
Near the terminus of the deposit, as well as just upstream
from constrictions in the valley of the North Fork Toutle
River, the debris avalanche was a so decelerated by basal

18 Rockslide-Debris Avalanche of May 18, 1980, M ount St. Helens volcano, Washington



shear and piled up. In these areas, the hummocks are
either not elongate or are elongate with randomly ori-
ented long axes (areas A, C, and E, pl. 2). The wood-
bearing hummaocks of the distal 4 km of the debris-ava-
lanche deposit (the distal material) display relations that
are suggestive of the mechanism of hummock formation
in these areas (fig. 15). Inthedista area, tree orientation
is random in the hummocks, but between the hummocks,
the trees are oriented paralel to the direction of flow.
When the movement was relatively steady, trees splin-
tered and movement continued; when the material decel-
erated, trees tangled together and had too much strength
to betorn apart. Alternatively, tangling of trees may have
caused the deceleration. Trees that did not get tangled
flowed around the hummocks for a short distance.
Because this part of the avalanche mass was decelerating,
the difference in velocity between the hummocks and the
interhummock areas was small, and the interhummock
material moved only afew meters past the hummocks, so
hummaocks were not sculpted into longitudinally oriented
forms.

INTERPRETATION OF SIZE DATA

Figure 11 shows that the number of large hummocks
decreases with distance from source. This is interpreted
to reflect decreasing debris-avalanche block size as well
as the increasing amount of matrix-facies material with
distance from source. Type A hummocks are generally
made up of one or afew debris-avalanche blocks and are
generally formed by mechanisms 1 and 3. Asthe debris-
avalanche blocks broke up during transport, smaller hum-
mocks formed from the smaller debris-avalanche
blocks. Hummocks consisting primarily of matrix facies
material (type B hummocks) are present only in the west-
ern part of the avalanche deposit--these hummocks are
generally much smaller than the type A hummaocks that
characterize the eastern part of the deposit. Type C hum-
mocks are rare and have little effect on the plots.

At 12 to 17 km from source, afew anomalously large
hummocks disrupt the general decreasing trends on the
plotsin figure 11. The orientations of these hummocks
(eastern part of area G, pl. 2) and their anomalous size
suggest that they were formed by mechanism 2 and thus
represent the original size and shape of pieces of the old
mountain that were relatively unaffected by processes
during debris avalanche flow.

The secondary maximum on figures 11A, 11B, and
11C at 19 to 22 km probably results from a constriction
in the valley of the North Fork Toutle River. The con-
striction resulted in the deceleration and piling up of the

flowing debris, promoting formation of type B hummocks
by mechanism 3B.

The size parameters (fig. 11) show evidence of a
"background" of small hummocks throughout the deposit.
The smaller hummaocks are far more common than larger
hummocks. This suggests that in al parts of the debris
avalanche, smal volumes of homogeneous material
(debris-avalanche blocks or aggregates of blocks with
similar properties) are more common than larger debris-
avalanche blocks.

GEOLOGIC MAPSOF THE DEPOSIT
GENERAL STATEMENT

Two kinds of geologic maps of the debris avalanche
were compiled for this report. Unitsin the first kind (pl.
3) are defined primarily on the basis of morphology. Plate
3 isamore detailed version of the map published by Voi-
ght and others (1981) and Lipman (1981). The base for
the map is a mosaic of preliminary U.S. Geological Sur-
vey topographic quadrangles at a scale of 1:24,000. The
second kind (pl. 4) isadetailed geologic map of lithologic
units in the debris-avalanche deposit. Seven transverse
cross sections and one longitudinal cross section (pl. 5)
were aso constructed from the lithologic map. Mapping
was done during the summers of 1981, 1982, and 1983
using air photographs at a scale of 1:10,000. The data
were transferred using a stereo zoom transfer scope to a
base map at a scale of 1:12,000, which was reduced from
1:4,800-scale topographic maps produced by Tallamy,
Van Kuren, Gertis, and Associates (TVGT) under contract
with U.S. Geologica Survey. Both base maps were con-
structed from summer 1980 photography, and so they
show the morphology of the debris-avalanche deposit
with little erosional modification.

An important purpose of the geologic mapsisto pro-
vide a basis for improved understanding of the processes
of flow and emplacement of the debris avalanche. Exami-
nation of the patterns of units on these two kinds of maps
allows interpretation of the various phases of flow of the
debris avalanche and leads to interpretations of relative
velocities of various parts of the once-moving mass. The
lithologic map of the debris-avalanche deposit allows
interpretation of the travel paths of parts of the material
from their original positions on the cone to their eventual
sites of deposition.
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Figure 15. Aerial photograph of distal end of debris-avalanche deposit, showing woody hummocks of distal unit. Photograph taken May
19, 1980, by Washington State Department of Transportation. Dashed where extent of distal unit uncertain.

20 Rockslide-Debris Avalanche of May 18, 1980, Mount St. Helens volcano, Washington




MORPHOLOGIC MAP OF THE DEBRIS-
AVALANCHE DEPOSIT

Six morphologic map units are defined within the
avalanche deposit (modified slightly from Voight and oth-
ers, 1981). They are referred to here as the North Fork,
Johnston Ridge, Spirit Lake, marginal, proximal, and dis-
tal units, named according to representative locations in
the deposit (pl. 3). Other kinds of deposits of the May 18
eruption, including blast deposits, lahar deposits, and
pyroclastic-flow deposits (Lipman, 1981), partly cover
the avalanche deposit and are mapped where they conceal
the hummocky surface.

NORTH FORK UNIT

The North Fork unit comprises the bulk of the debris-
avalanche deposit. It is defined as the part of the debris-
avalanche deposit between and including the leveesin the
valley of the North Fork Toutle River that did not encoun-
ter Johnston Ridge or Spirit Lake. It extends from the
base of the northern flank of the mountain to within 1 km
of the distal end.

The most characteristic morphologic feature of the
North Fork unit are hummocks (fig. 16) that have as
much as 75 m of relief. The shape of the hummocks is
very irregular, but some are roughly circular in plan and
riseto apeak or adome. Locally, they are elongatein the
direction of flow and are difficult to distinguish from
levees. The formation of the hummocks is discussed in
"Geometry of the Deposit”.

Levees as much as 30 m high are also characteristic
features of the North Fork unit. Levees are defined aslin-
ear ridges near the margins of the avalanche deposit that
locally widen into linear zones of irregular positive
topography (figs. 17 and 18). They generaly occur
against valley walls and block the mouths of tributaries
(fig. 17), where they mark the contact between the North
Fork and marginal units. Commonly, two or more paral-
lel, ill-defined levees are present within the North Fork
unit. In many areas, such as the area just north of Castle
Lake, levees extend to the central part of the North Fork
unit. These may also be considered hummocks with the
long axes aligned in the direction of flow, whichformina
way similar to the way levees form (see "Geometry of the
Deposit").

The morphology of the levee that blocks Coldwater
Lake suggests that it is an imbricate structure made up of
discrete masses of debris separated by thrust faults (fig.
18). The chaotic lithologic pattern of the area (pls. 4 and
5) is consistent with a thrusted imbricate structure, even
though the imbrication is not readily apparent on the
map. The structure isinterpreted to result from the depo-

Figure 16. Typical hummock of North Fork unit. Note person for
scale (circle).

Figure 17. Levee of North Fork unit blocking mouth of small
stream near samplelocality DXS-32. Blasted treesrest on Tertiary
bedrock.

sition of material with enough shear strength to remain
intact except along narrow zones.

Closed depressions are also common features of the
North Fork unit. Most of the depressions that are irregu-
lar in plan usualy represent interhummock areas. The
formation of hummocks and interhummock areas is dis-
cussed in "Geometry of the Deposit”.

A few of the closed depressions are roughly circular,
measure as much as 240 m wide and 50 m deep, and have
sides considerably steeper than the surrounding local
relief (base map of pl. 4). Nearly al the circular closed
depressions visible on the topographic maps probably
formed within hours to days after emplacement of the
debris-avalanche deposit; | saw many depressions on
May 27, 1980, and many are visible on the oblique aerial
photographs taken by Austin Post (U.S. Geological Sur-
vey, Tacoma, Wash.) on May 19. However, a few new
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Figure 18. Aerial photograph of debris-avalanche deposit in areaaround Castle and Coldwater Lakes. Imbricate structures near
Coldwater Lake shown. Blast deposit has wavy surface showing transverse dunes where it was deposited against margin of debris-
avalanche deposit. Photograph taken June 19, 1980, Washington State Department of Natural Resources.
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closed depressions were observed in the summer of 1982
(Glicken and others, 1989).

The circular closed depressions (craters) are inter-
preted to have been formed by collapse into void space.
The void space may have been between debris-avalanche
blocks of the block facies or may have been created by
melted glacial ice. Most of the ice must have melted
within hours to days after emplacement. However, ice
was observed on the surface of the deposit for many
weeks after May 18 (fig. 19) and ice was uncovered dur-
ing excavations for an outlet for Spirit Lake in summer
1982 (Glicken and others, 1989). If ice was to have
melted within hours to days after emplacement to pro-
duce void space, the pieces of ice must have been small
or must have been adjacent to a substantia source of
heat. Modeling by Fairchild (1985, 1987) suggests that
ice clasts with diameters >1 m would not have melted by
late afternoon of May 18, assuming that the debris aver
lanche was emplaced at a temperature of 98 °C (the max-
imum measured temperature; Voight and others, 1983).

Some authors (for example, Fairchild, 1985, 1987)
suggest that most of the collapse craters resulted from
collapse into void space created by melted ice. However,
when the rockslide expanded by more than 20 percent to
become the debris-avalanche deposit (see "Texture of the
Deposit"), 0.4 km? of void space was created. This
amount is far more than the total void space that would
have been created had the 0.1 km? of ice incorporated in
the debris avalanche (Brugman and Meier, 1981) melted
completely. This suggests that most of the collapse cra-
ters resulted from collapse into void space in the debris-
avalanche deposit created during dilation and breakup of
the rockslide material rather than from collapse into void
space created by melting ice. Alternatively, it is possible
that larger voids were created by melting ice than by dila-
tion, and the larger voids were more likely to form col-
lapse craters.

There were numerous channels near the distal end of
the debris-avalanche deposit the day after emplacement
(fig. 20). On the afternoon of the eruption, | witnessed
some of these channels being filled with flowing mud.
Multiple terraces of lahar deposits along these channels
suggest that repeated |ahar flows, or a lahar with varying
depth, came down the channel. The channels probably
were eroded by the lahars generated on the debris-ava-
lanche deposit (Fairchild, 1985, 1987). The main chan-
nel is the path of the magjor lahar that flowed west down
the North Fork Toutle River valley. The tributary chan-
nelslikely formed from headward retreat of slumps of the
main channel walls.

Figure 19. Ice fragments on surface of deposit, May 31, 1980.
Largest piece about 3 m wide.

Figure 20. Distal end of the debris-avalanche deposit, showing
channels probably eroded by May 18 lahars. View about 1.3 km
wide at center of photograph. Photograph by C.D. Miller, U.S.
Geological Survey.

JOHNSTON RIDGE UNIT

The Johnston Ridge unit was originally called the
Coldwater Ridge unit (Voight and others, 1981). It is
renamed here because the ridge was officialy named
"Johnston Ridge" in 1983 (U.S. Board on Geographic
Names, 1984). It is defined as those parts of the debris-
avalanche deposit that interacted with Johnston Ridge,
and it is present only on and adjacent to Johnston Ridge.
It is as much as 195 m thick.

In tributary basins of the North Fork Toutle River on
the south dlope of Johnston Ridge, the debris avalanche
has formed thick (as much as 195 m) deposits that are
perched as high as 150 m above the deposit in the North
Fork Toutle Valley. In these basins, hummocks locally

23



Figure 21. Post-depositiona slip in hummocks on terraces on
Johnston Ridge. View about 375 m wide.

show evidence for dip in a southerly, downslope direc-
tion (fig. 21), indicating that parts of the debris moved
back towards the main part of the debris avalanche (“fal-
back ridges' of Kojan and Hutchinson, 1978). In atribu-
tary channel just west of Harry's Ridge, the Johnston
Ridge unit forms a ramp that extends from the Pumice
Plain to the top of Johnston Ridge (fig. 22). Thisfeature,
called "The Spillover" (U.S. Board on Geographic
Names, 1984) was referred to as a " depositional ramp" by
Ui and Aramaki (1983). A depositional ramp is defined
as a high-angle slope on the surface of alarge-scale pyro-
clastic flow (Suzuki and Ui, 1982); it is not strictly appli-
cable to the debris-avalanche deposit.

The debris avalanche crossed Johnston Ridge at The
Spillover and at a pass 1 km west of The Spillover. The
debris avalanche scoured Johnston Ridge and adjacent
Harry's Ridge of all soil and trees before depositing mate-
rial in South Coldwater Creek, just north of Johnston
Ridge (Fisher and others, 1987).

The topography of the Johnston Ridge unit of the
debrisavalancheis, on average, much moreirregular than
that of the North Fork unit. Hummocks are generaly
elongate in plan (figs. 21 and pl. 2), reflecting fall back.
In the avalanche debris blocking Spirit Lake (the " Spirit
Lake Blockage" of Glicken and others, 1989) there are
many pits as much as 240 m wide and 35 m deep.
Because no deposits of phreatic eruptions are found adja-
cent to most of them, most of the pits are believed to have
been formed by collapse rather than by phreatic erup-
tions.

SPIRIT LAKE UNIT

The Spirit Lake unit is that part of the debris-ava
lanche deposit that moved to the northeast and displaced

e
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~ ‘ Terrace

Figure 22. Oblique view, looking north from crater, showing
ramp (The Spillover) and terraces on Johnston Ridge. View about
3 km wide at ridge. Photograph by Terry Leighley, Sandia
National Laboratory, July 8, 1981.

Spirit Lake. The Spirit Lake unit occurs only in the
region surrounding the lake. It isonly afew meters thick
on the shores of the lake, but it is as much as 100 m thick
beneath the |ake (Meyer and Carpenter, 1982).

The avalanche and blast caused a seiche to rise up
from the lake. The seiche, along with the avalanche
itself, scoured the trees, vegetation, and soil from the
ridges adjacent to the lake to heights of more than 260 m
(Voight and others, 1981). The scoured areais part of the
area designated as the "tree remova zone" by Lipman
(1981).

The scouring mixed Spirit Lake water with clasts of
the Tertiary bedrock to form lahars. Deposits of these
lahars are found under and between hummocks in the
Bear Cove area north of the northwest arm of Spirit Lake.
Continued sloshing of the lake likely resulted in the ero-
sion of the hummocks to produce the conical forms (fig.
23 and base map of pl. 4) that are unique to this part of
the debrissavalanche deposit. Blasted trees were left
stranded on top of some of the hummocks (fig. 23). The
lake then rushed back into its newly created basin, erod-
ing large, boxlike canyons just north of the northwest arm
of the lake.

The lahars that flowed down to the lake from the area
about 2 km to the south of the lake (pls. 3 and 4) probably
resulted from the southward sloshing of Spirit Lake water
that mobilized thick blast deposits. There is no other
source of water for these lahars; they are many kilometers
from possible sources of water in the crater of Mount St.
Helens.

MARGINAL UNIT

The marginal unit, as much as 75 m thick, backfills
tributaries of the North Fork Toutle River. Itisdefined as

24 Rockslide-Debris Avalanche of May 18, 1980, Mount St. Helens volcano, Washington
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Figure 23. Conica hummock north of northwest arm of Spirit
Lake. Blasted trees stranded on top of hummock; lahar deposits
rich in clasts of Tertiary bedrock between hummocks.

the parts of the debris-avalanche deposit on the valley
wall side of the levees of the North Fork unit. It gener-
aly forms lobate deposits (fig. 24), but hummocks that
closely resemble those in the valley of the North Fork
Toutle River are also locally present. The lobes, where
they do not abut against valley walls, exhibit flow fronts
asmuch as 5 m high.

The lobes of the marginal unit are truncated by
levees of the North Fork unit. This distribution suggests
that the marginal unit was pushed in front and to the side
of the main mass of the moving debris avalanche and
came to rest while the North Fork material was still in
motion.

PROXIMAL UNIT

The proximal unit is the part of the debris-avalanche
deposit in the crater and on the north slope of Mount St.
Helens. Hummocks of this unit in the north part of the
crater are some of the largest hummocks in the debris
avalanche; they are as much as 100 m high and 1,000 m

wide. Proximal hummocks are much smaller on the
mountain slope just north of the crater.

The proximal unit covers the crater floor and had a
hummocky surface before it was extensively eroded by
pyroclastic flows (fig. 25). Inonelocality, the density was
1.72 g/cm3; this value is consistent with measurements of
debris-avalanche deposits rather than the old mountain
material (see " Texture of the Deposit"). Malone and Pav-
lis (1983) indicate that a sharp seismic velocity contrast
exists at adepth of as much as 150 m, so the proximal unit
in the crater is probably as much as 150 m thick (fig. 2).

On the north flank of the volcano, the proximal unit is
not continuous. It occurs in isolated areas separated by
many meters. Hummocks are contiguous in the areas
mapped as "proximal hummocks' (fig. 26), whereasin the
areas mapped as "proximal scattered,” hummocks are
small (<3 m wide), scattered, and rest on pre-1980 mate-
rial. The debris-avalanche deposit forms less than 1 per-
cent of the surface area in the area mapped as proximal
scattered.

There is abundant evidence for interaction of the
1980 debris avalanche with the older deposits on the north
flank of Mount St. Helens that underlie the proximal unit.
The older deposits consist of deposits from talus and non-
vesiculated pyroclastic flows from the Goat Rocks dacite
dome, as well as lava flows and volcaniclastic deposits
from the Kalama and Castle Creek eruptive periods (C.A.
Hopson, written commun., 1980). Scratches resembling
glacia striations (fig. 27), interpreted to result from abra-
sion of the underlying material by the debris avalanche,
are present on most of the surface of the older deposits.
On the northeast flank of the mountain, some of the pre-
1980 volcaniclastic deposits were carried away by the
avalanche, and only drumlin-shaped remnants of these
deposits are left. All the vegetation was stripped from the
north flank except for burned bits of wood in rock crev-
ices and on the lee (downhill) side of lava flow outcrops
more than 2 m high.

DISTAL UNIT

The distal unit, present only at the west end of the
debris-avalanche deposit, consists primarily of jumbled
mounds of broken trees, wood debris, and organic soil
(fig. 28). Mixed with this materia are volcanic clasts
from Mount St. Helens, in proportions of as much as 30
percent. Also incorporated into the distal unit are pave-
ment fragments (fig. 29) and other miscellaneous debris
from the North Fork Toutle River valley. The material is
generally <10 m thick (pl. 1) and probably averages about
5 m thick.

Most of the distal unit was destroyed during construc-
tion of a U.S. Army Corps of Engineers sediment reten-
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Marginal unit at site
of Jackson Lake

Figure 24. Oblique aeria photograph of lobate deposits of marginal unit at site of Jackson Lake. Photograph by Austin Post, U.S. Geo-
logical Survey, May 19, 1980. View southeast. Field of view approximately 1 km.

tion structure (dam) in the summer and fall of 1980.
Much of the area of the distal unit was then covered by
aluvium and lahars that were deposited behind the dam.

Hummocksin the distal unit are very similar in shape
and size to those on the west end of the North Fork unit
(pl. 4 and fig. 15). They are as much as 9 m high and
generally roughly circular in plan. Unlike the hummocks
of the North Fork unit, they bristle with trees.

Thedistal unit has aflow front that isasmuch as8 m
high. Locally, more fluid parts of the unit ramp down
from the main mass of material and grade into the lahar
deposits of the North Fork Toutle River valley.

The contact between the distal and North Fork units
is generally gradational over 10-20 m, but it is locally
sharp and dips 5°-7° to the west (fig. 30). The dip of the

contact and the distribution of the deposit suggests that
the distal unit represents a part of the forest in the North
Fork Toutle River valley that was felled by the blast and
subsequently pushed in front of the debris avalanche.

LITHOLOGIC MAP

Six lithologic units of the debris avalanche are differ-
entiated on the lithologic map (pl. 4). The older dacite,
modern dacite, andesite and basalt, and modern undiffer-
entiated units make up blocks within the block facies
(pieces of the old mountain that were transported from
their origin relatively intact). The mixed block and
matrix facies is composed of blocks of varying lithology
aswell asthe matrix facies, a blended mixture of all rock
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Figure 25. Oblique aerial photograph of hummocky proximal
unit in crater before erosion. Photograph by R.L. Christiansen,
U.S. Geological Survey, May 22, 1980. Back crater wall about
750 m high.

types from the old mountain, the juvenile blast dacite,
and material picked up from the surrounding terrain.
Texture and facies are discussed in more detail in "Tex-
ture of the Deposit”. The distal unit is included on the
lithologic map; it is described in the preceding section.

The lithologic map was compiled only where the
TVGT base map exists. The area of the proximal and
much of the Johnston Ridge morphologic units are not
included on the map, which covers primarily the river
channels. Although the base map topography is from
summer 1980, the lithologic map shows fluvial modifi-
cation up to summer 1982, when most of the mapping
was done.

BLOCK FACIESUNITS
OLDER DACITE UNIT

The older dacite unit consists amost entirely of the
hornblende-hypersthene dacite from pre-Castle Creek
(older than 2,500 yr) Mount St. Helens (C.A. Hopson,
written commun., 1984). It is derived from the older
dacite unit observed in the 1980 crater (see "Introduc-
tion"). The rock types in the older dacite unit in the

Figure 26. Hummocks of proximal unit on north flank of Mount
St. Helens(circles). Hummocksin small circle about 100 mwide.
Photograph by Terry Leighley, Sandia National Laboratory, July
14, 1981.

debris-avalanche deposit areidentical to thosein the older
dacite unit in the crater. The hornblende-hypersthene
dacite is readily recognizable in the field because it has
abundant large (>2 mm length) phenocrysts of plagioclase
and hornblende. Xenoliths of varying composition are
locally present.

Pre-1980 hydrothermal and fumarolic alteration col-
ored the rocks within the unit many shades of gray, red,
pink, yellowish-brown, and green. Although much of the
ateration occurred within the old volcano, vertical pat-
terns of alteration, accompanied by pyrite mineralization,
are present locally in the unit adjacent to fumaroles and
hot springs, providing evidence for some post-emplace-
ment alteration.

Minor amounts of other rock types are present in the
older dacite unit, the most common being bodies of dark,
fine-grained andesite and basalt. These bodies locally are
narrow and elongate in outcrop and are commonly cross
cut by faults (fig. 31). The shape of many of the narrow
and elongate bodies is quite similar to the shape of narrow
and elongate dikes visible on the walls of the crater (fig.
7). Although some of the narrow and elongate bodies in
the debris-avalanche deposit could be clastic dikes result-
ing from injection of material into cracks during transport
of the debris avalanche, the contrast in rock types and the
similarity with the dikes in the crater suggest that most of
these bodies are igneous dikes. The dikes were trans-
ported in blocks (pieces of the old mountain) from their
positions in the pre-1980 volcanic edifice without com-
pletely disaggregating.

Locally, clastic dikes can be distinguished from igne-
ous dikes. A hummock with both type of dikes exposed
(fig. 32) has a dike composed of andesite with arelatively
dark, chilled margin on both sides; these features indicate
that its origin was volcanic. The other dike cuts across the
volcanic dike and consists of fragments of the older dac-
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Figure 27. Scratches resembling glacial striations on north flank
of Mount St. Helens, suggesting abrasion by debris avalanche
moving over surface. Debris avalanche moved from left to right.

ite, which is older than the andesite (fig. 3); the second
dikeisaclastic dike that formed in the debris avalanche.

The bodies of rock types other than older dacite
within the older dacite unit that are not narrow and elon-
gate are more difficult to interpret. Commonly, the bod-
ies are discontinuous and are scattered through small
areas of the older dacite unit. Examination of photo-
graphs of the crater wall (for example, fig. 4) indicates
that andesite and basalt dikes make up roughly 5-10 per-
cent of the older dacite unit, roughly the same percentage
as the andesite and basalt material in the older dacite unit
of the debris-avalanche deposit. This suggests that most
of the andesite and basalt in the older dacite unit was
formed in volcanic dikes in the old mountain and subse-
quently disaggregated and partially blended with the
older dacite during transport of the debris avalanche.
However, it is probable that minor amounts of the foreign
material originally cooled as andesitic or dacitic lava
flows above the older dacite core and partially mixed
with older dacite during the transport of the debris ava-
lanche.

ANDESITE AND BASALT UNIT

The andesite and basalt unit is rubble consisting of
two-pyroxene andesite and olivine basalt. The rocks are
derived from andesite and basalt lava flows and vol cani-
clastic rocks from the Castle Creek, Kalama, and Goat

Figure 28. Jumbled hummocks of woody debrisin distal unit. Man
(circle) isabout 1.7 m tall.

Figure 29. Pavement fragment, about 2 m wide, in distal mate-
rial. Road is Washington State Highway 504.
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Figure 31. Narrow and elongate volcanic dikes in debris-ava-
lanche deposit cross cut by faults.

Rocks eruptive periods of Mount St. Helens (C.A. Hop-
son, written commun., 1980), now exposed in the upper
part of the 1980 crater (see "Geology of the Source
Area").

The andesites and basalts are generally black or dark
gray but locally are various shades of red and very dark
green when hydrothermally atered. The andesites, which
are generally plagioclase porphyritic, contain varying
amounts of hypersthene and augite. Olivine is rare and
usually occurs as phenocrysts <1 mm wide. The basalts
generally are olivine phyric. Both andesite and basalt are
variably vesicular and locally are extremely scoriaceous.

Locally, roughly horizontal flow structures within
pre-1980 lava flows or flow breccias were preserved dur-
ing transport of the materia in the rockslide-debris ava-
lanche. These are expressed (fig. 33) either as bands of
material of different clast sizes or as horizontal bands of
material of different colors that represent different

Figure 32. Volcanic dike and clastic dike in same hummock of
debris-avalanche deposit. Volcanic dike has chilled margin. Clas-
tic dike intrudes volcanic dike and contains rocks older than the
volcanic dike.
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Figure 33. Lavaflow stratigraphy in debris-avalanche deposit.
Clastsin lavaflows are shattered. A, Exposure about 950 m west
of 825-5 near Spirit Lake, part of "largest block" (see pl. 4),
August 1982. B, Exposurein canyon of North Fork Toutle River,
about 300 m north-northwest of DX S-6, October 1984. Canyon is
about 25 m high.

degrees of alteration, likely altered flow tops. More com-
monly, original volcanic structures and stratigraphy were
destroyed during transport of the debris avalanche.

Small amounts of foreign rock types were mixed
locally with the andesite and basalt unit. Counts of
approximately 100 clasts at selected exposures (table 3)
indicate that locally as much as about 40 percent of the
material is composed of rock other than andesite and
basalt.

MODERN DACITE UNIT

The modern dacite unit is rubble composed of aug-
ite-hornblende-hypersthene dacite derived from the Goat
Rocks and Summit domes of the modern (<2,500 years
old) cone of Mount St. Helens (see "Geology of the
Source Area"). It is light gray where fresh and various

Figure 34. Breakage pattern of modern dacite at 1-m? window
DXS-12, likely preserved intact from old mountain.

shades of red and pink where atered. The nearly aphyric
dacite contains microphenocrysts of hornblende, pyrox-
ene, and plagioclase. The rock is distinguished from the
older dacite by the smaller (<2 mm long) size of the horn-
blende phenocrysts. Inclusions of various compositions
are present locally.

The surface of the modern dacite unit of the debris-
avalanche deposit has more clasts >10 cm diameter than
does the surface of the older dacite unit. Thisis probably
because the ratio of dome rock to volcaniclastic deposits
in the modern dacite unit of the old mountain is higher
than the same ratio in the older dacite unit of the old
mountain.

Locally, breskage patterns that likely represent
breakage patterns of origina volcanic rocks in the old
mountain are exposed in the modern dacite unit (fig. 34).
Because there is no remnant of the modern dacite domes
exposed in the crater, it is not possible to compare these
breakage patterns to original breakage patterns of the
material.

MODERN UNDIFFERENTIATED UNIT

The modern undifferentiated unit contains a mixture
of modern dacite, andesite, and basalt. The rock types
are the same as those of the modern dacite and the andes-
ite and basalt units.

Minor amounts of older dacite and dacite pumice
from the old mountain as well as organic debris are also
found in this unit, but proportions are difficult to estimate
because of the lack of good exposures. Analysis of four
exposures (table 3) shows abundant organic debris but an
insignificant amount of rock material that is not modern
dacite, andesite, or basalt.
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Table 3. Lithologic counts of approximately 100 clasts >2cm diameter in 1-m? windows

[Sample localities shown on pl. 4. distsr, distance from source; andbas, andesite and basalt; olddac, older dacite; moddac, modern dacite; Ter, Tertiary bedrock;
juvnil, juvenile blast dacite; ?, unidentified; pumice, pre-1980 pumice; wood, incorporated organic matter; Sprt, at Spirit Lake; Cstl, at Castle Lake; Cold, at
Coldwater Lake; %, percentage of rock types determined from relative areas of debris-avalanche blocksin windows (fig. 50); (x), percentage of juvenile clasts]

Sample distsr andbas olddac moddac ter juvnil ? pumice wood Total
(km)
Older dacite unit
DXS-2 25.3 10 81 0 2 0 7 0 0 100
DXS-4 151 12 90 0 0 0 3 0 0 105
DXS-6 15.6 0 100 0 0 0 0 0 0 100
DXS-20 12.3 0 100 0 0 0 0 0 0 100
DXS-21 184 0 100 0 0 0 0 0 0 100
DXS-22 17.6 0 100 0 0 0 0 0 0 100
DXS-24 13.3 0 100 0 0 0 0 0 0 100
825-3(Sprt) 9.4 12 88 0 0 0 0 0 0 100
827-3(Sprt) 9.7 0 100 0 0 0 0 0 0 100
MS-10(Cold) 16.9 0 100 0 0 0 0 0 0 100
826-3(Cold) 16.4 2 98 2 0 1(1) 1 5 0 109
Andesite and basalt unit

DXS11 135 100 0 0 0 0 0 0 0 100
DXS13 25 100 0 0 0 0 0 0 0 100
DXS-14 2.7 100 0 0 0 0 0 0 0 100
DXS-16 113 100 0 0 0 0 0 0 0 100
DXS-23 13.0 100 0 0 0 0 0 0 0 100
DXS-25 14.6 100 0 0 0 0 0 0 0 100
DXS-27 17.7 75 2 5 0 1(2) 15 0 0 98

DXS-38 29.7 98 2 0 0 0 0 0 0 100
825-5(Sprt) 9.4 100 0 0 0 0 0 0 0 100
827-2(Sprt) 10.6 100 0 0 0 0 0 0 0 100
MS-9(Cold) 16.9 58 0 42 0 0 0 0 0 100

Modern dacite unit
DXS-3 15.7 0 0 100 0 0 0 0 0 100
DXS12 135 0 0 100 0 0 0 0 0 100
DXS-19 117 4 0 96 0 0 0 0 0 100
MS-1(Cold) 17.2 37 17 28 0 13(13) 5 0 0 100
Modern undifferentiated unit
DXS17 24 65 0 35 0 0 0 0 0 100
826-2(Cstl) 16.2 100 0 0 0 0 0 0 0 100
827-6(Cstl) 15.9 0 0 77 0 15 0 1 7 100
827-7(Cstl) 15.9 22 45 0 0 0 0 0 33 100
Mixed block and matrix facies unit

DXS1 29.9 41 35 2 0 7(7) 16 0 0 101
DXS-1 count 2 29.9 23 55 1 0 10(10) 10 1 0 100
DXS-1 count 3 29.9 64 22 1 0 5(5) 6 0 0 98

DXS-8 258 38 52 4 0 5(5) 5 0 0 104
DXS-29 214 33 39 12 0 2(2) 15 0 0 101
DXS-30 222 54 8 7 0 19(19) 12 1 0 101
DXS-31 231 33 33 12 0 13(13) 9 0 0 100
DXS-33 24.5 56 13 9 0 17(17) 5 0 0 100
DXS-34 26.8 50 51 5 0 2(2) 1 0 0 109
DXS-35 28.1 19 57 13 0 4(4) 5 0 0 98

DXS-36 31.2 40 47 5 0 9(9) 1 1 0 103
DXS-37 30.7 45 39 5 0 3(3) 2 3 0 97
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Table 3. Lithologic counts of approximately 100 clasts>2cm diameter in 1-m? windows--Continued

Sample distsr andbas olddac moddac ter juvnil ? pumice wood Total
(km)
Marginal mixed block and matrix facies unit
DXS-9 21.7 44 37 7 0 0 1 0 0 99
DXS-26 17.7 42 43 14 3 0 13 1 0 116
DXS-28 21.0 14 5 4 0 0 2 0 0 25
DXS-32 23.6 44 20 30 0 2(2) 9 0 0 105
Blast deposit above the debris avalanche
DXS5 134 3R 6 55 0 8 0 0 0 101
DXS-18 115 64 1 10 0 9 15 1 0 100
DXS-215 180 33 28 2 0 10 26 1 0 100
826-4(Cstl) 16.6 57 18 2 0 12 24 0 0 113
MIXED BLOCK AND MATRIX FACIESUNIT 21 |

The mixed block and matrix facies unit of the debris- °
avalanche deposit consists of both matrix facies as well 18- —
as debris-avalanche blocks of &l lithologies from the = o
block facies that are too small to map. These facies and E 15 —
textures are described in greater detail in "Texture of the = °
Deposit”". The formation of the unit is discussed in " Tex- o 12 —
ture of the Deposit" and "Conclusions”. >

Pebble counts of 100 clasts >2 cm diameter were car- é 9 ®—
ried out at 10 localities of the mixed block and matrix =
faciesunit (table 3). Theclastsweretakenfromthe1-m®> 2 4 | o _
windows where textures were mapped, samples were o °
taken for grain-size analyses, and field density was mea- = 3 L o o —
sured (see "Texture of the Deposit"). Juvenile "blast" = ° °
dacite from the cryptodome is present in most of the win- 2 0 | | | | |

dows. There is as much as 19+8 percent blast dacite
(error following the methods of Galehouse, 1971, for
95.4 percent confidence level). The highest quantities of
blast dacite are in the exposures that consist entirely of
matrix facies, the lowest quantities are in exposures on
the margins of the debris avalanche deposit. Thereis no
apparent trend of changing percentages of blast dacite
with distance from the volcano (fig. 35).

The mixed block and matrix facies unit occurs pri-
marily in the western part of the debris-avalanche
deposit, west of a break-in-slope near the junction of
Maratta Creek and the North Fork Toutle River (pl. 4).
The break-in-slope (fig. 36) represents the flow front of
the "flow of debris-avalanche blocks" of the eastern part
of the debris-avalanche deposit. The mixed block and
matrix facies unit west of the break-in-slope has a vol-
ume of 0.5 m3, or 18 percent of the total volume of the
debris-avalanche deposit. It surrounds debris-avalanche
blocks of mappable size (>15 m wide).

The levees that bound the western part of the debris-
avalanche deposit slope down from the break-in-slope
(fig. 37). This configuration suggests that at least some,

20 22 24 26 28 30 32
DISTANCE FROM SOURCE, IN KILOMETERS

Figure 35. Percentage of clasts of juvenile blast dacite from
matrix facies in windows (from table 3) versus distance from
source (crater). Margina matrix facies not included.

and probably most, of the material in the mixed block and
matrix facies unit was deposited after deposition of the
flow of debris-avalanche blocks to the east of the break-
in-slope.

A few hummocks of the mixed block and matrix
facies unit are mapped in South Coldwater Creek. Fisher
and others (1987) call this unit "avalanche I1" material;
they believe the material originated from slide blocks 11
and IIl. In South Coldwater Creek, the matrix facies is
continuous from the hummaocks to flat-surfaced exposures
in interhummock areas where it underlies blast deposits.
Some of these flat-surfaced exposures are at least 10 m
thick (Fisher and others, 1987).

East of the break-in-slope in the North Fork Toutle
River valey, material interpreted to be matrix facies is
found in the deep exposures along Castle Creek and along
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Maratta Creek
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Lahar-generating spring
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Site of Jackson Lake

Figure 36. Oblique aerial photograph of debris-avalanche deposit, showing break-in-slope (flow front of flow of debris-avalanche
blocks) at constriction just west of Maratta Creek. View to east. Entire debris-avalanche deposit covered by light-colored blast
deposit; dark-colored areas are lahar deposits generated after deposition of debris avalanche. Photograph by Austin Post, U.S.
Geological Survey, May 19, 1980. Debris-avalanche deposit about 1 km wide at constriction.

the North Fork Toutle River near Coldwater Creek.
Although the matrix facies rests between hummocks, it is
not observed to form or to support hummocks within it;
instead it overlies material of the block facies, generaly
the older dacite unit (pl. 5). These matrix facies deposits
are likely remnants of the final phase of the debris ava
lanche that traveled over the top of the deposit of the flow
of debris-avalanche blocks (see "Conclusions'). The

exposures of matrix facies resemble exposures of the

blast deposits that overlie the matrix facies and conceal it

on the geologic map.
CONTACTSBETWEENLITHOLOGIC UNITS

Though the contacts between lithologic units of the
debris-avalanche deposit are sharp locally, they are gen-
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Break-in-slope

Figure 37. Levees sloping down from break in slope, indicating
that much of deposit to west of the break in slope is younger than
deposit to east. Debris-avalanche deposit about 1 km wide at con-
striction. View to east.

eraly diffused over as much as 10 m. The contact
between the andesite and basalt unit and the older dacite
unit, for example, is especially difficult to define locally
because the older dacite in the mountain was intruded by
many andesite dikes.

Where they are sharp, the contacts between litho-
logic units commonly resemble contacts within the
present crater. The sharp contact most frequently
observed is the andesite and basalt unit overlying the
older dacite unit (fig. 38). This contact is very similar to
the andesite and basalt/older dacite contact in the crater,
and it indicates that the material was transported with lit-
tle deformation.

OTHER DEPOSITSOF THE MAY 18, 1980,
ERUPTION

BLAST DEPOSITS

On the morphologic map (pl. 3), blast deposits cover
the entire debris avalanche east of the break-in-slope just
west of Maratta Creek and are present as a small finger
extending west of the break-in-slope. On the lithologic
map (pl. 4), blast deposits are mapped only where they
were thick enough (approximately >1 m) to conceal the
lithology of the debris-avalanche deposit in summer
1982. Since 1980, erosion has washed the blast deposits
off most of the hummocks so that blast deposits now
mantle primarily interhummock areas. The airfall layer
(A3 layer) of the blast deposits mantles the entire debris
avalanche (Waitt, 1981; Moore and Sisson, 1981; Sisson,
1995), but because it was only afew centimeters thick, its
distribution is not shown on either map. Unmapped blast
deposits also blanket the ridges surrounding the debris
avalanche.

Andesite and basa!tw" .

Figure 38. Andesite and basalt unit overlying older dacite unit in
debris-avalanche deposit on Johnston Ridge.

The blast deposits in the valley of the North Fork
Toutle River, which are generally unsorted and unstrati-
fied, contain material ranging from silt-sized particles to
boulders meters in diameter. In the area around Spirit
Lake, the blast deposits are bedded and better sorted
(Glicken and others, 1989), similar to the blast deposits
on the ridges surrounding the debris-avalanche deposit.

The blast deposits are recognized by their undul atory
surfaces, by the olive-gray color of the finer grained mate-
rial in the deposit, by the abundance of the juvenile blast
dacite, and by local prismatically jointed blast dacite
boulders that are as much as 2 m in diameter on the sur-
face of the deposit (fig. 39). In the first few weeks after
the eruption, the blast deposits were also recognized by
their temperature, which was much hotter (generaly
between 100 and 300 °C) than the debris-avalanche
deposit (highest temperature 98 °C; Banks and Hoblitt,
1981) and by the characteristic smell of rotting wood.

The blast deposits occur locally underneath aswell as
on top of the debris-avalanche deposit. The base of the
debris-avalanche deposit was not well exposed, either in
1980 or in subsequent years; but the blast deposit was
positively identified in a few localities at the base of the
debris-avalanche deposit. It generally rests on fir needles
and other organic debris from the old forest floor (fig. 40),
except closer to the mountain where the forest floor was
eroded by the debris avalanche (Fisher and others,
1987). Some, but not all, of the trees of the pre-May 18
forest are found prone at the base of the deposit; the rest
were pushed in front of the debris avalanche and incorpo-
rated in the distal material. The blast deposit may also be
present locally within the debris-avalanche deposit near
Coldwater Lake, where juvenile dacite was present in
some cuttings from holes drilled by the U.S. Army Corps
of Engineersin 1981.
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Figure 39. Undulating surface of blast deposit. A, June 1980,
before erosion. B, Summer 1982, showing gray boulders of juve-
nile blast dacite. Blast deposit mantles hummocky topography of
debris-avalanche deposit.

The first part (slide block I) of the rockslide-debris
avalanche released the pressure on the growing
cryptodome that resulted in the blast explosions. Theini-
tial blast explosions generated a pyroclastic surge (the
"blast surge") that quickly overtook slide block | and
knocked down the trees over 600 km?2 (Fisher and others,
1987). The blast surge produced the layered stratigraphy
described by Hoblitt and others (1981), Moore and Sis-
son (1981), and Fisher and others (1987). Although it is
difficult to find good exposures of the base of the debris-
avalanche deposit, debris-avalanche deposit overlies trees
felled by the blast, leaving no doubt that the erosive phase
of the blast surge in places preceded deposition of the
debris-avalanche deposit. The fact that the debris-ava
lanche deposit rests on top of some of the blast deposit on
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Figure 40. Blast deposit resting on fir needles and organic mate-
rial from old forest floor and overlain by debris-avalanche deposit
in excavation for spillway draining Coldwater Lake. June 1980
exposure about 100 m east of sample locality DXS-38.
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Figure 41. Timing of deposition of debris avalanche and blast cur-
rentsin area of Spirit and Coldwater Lakes. Timing of events from
Voight (1981), Voight and others (1983), and Moore and Rice
(1984).

the south slope of Johnston Ridge indicates that deposi-
tion of the debris avalanche followed some of the blast
surge within 10 km of the mountain. However, the corre-
lation of the layered stratigraphy of the blast that rests on
top of the debris avalanche near Spirit Lake with the
stratigraphy of the blast surge in South Coldwater Creek
(Glicken and others, 1989) indicates that, within 10 km
of the mountain, most of the deposition of the blast surge
followed the deposition of the debris avalanche (fig. 41).
As shown on the morphologic map (pl. 3), blast
deposits (before erosion) blanketed the entire debris-ava
lanche deposit east of the break-in-slope just west of
Maratta Creek, and a small finger of blast deposits
extended to the west of the break-in-slope. This map unit
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Figure 42. Intimate interconvolution of debris-avalanche and
blast deposits. Exposure located about 50 m southeast of DXS-19.

was deposited by many pyroclastic currents that have left
many overlapping deposits.

The blast deposit unit covers debris-avalanche mate-
rial that was deposited at different times; this arrange-
ment suggests that most of the pyroclastic currents from
the blast were deposited after deposition of the debris-
avalanche deposit. However, exposures showing debris-
avalanche blocks intimately interconvoluted with the
blast deposit (fig. 42) indicate that, locally, some of the
pyroclastic currents of the blast may have been trans-
ported to their place of deposition "piggybacked" on top
of the debris-avalanche deposit (R.B. Waitt, written com-
mun., 1985). But the lobate and dune forms that made up

Blast deposit

the wavy surface of the blast deposit before erosion (figs.
18, 39, and 43), as well as the common morphologic rela-
tions of the blast deposit to the hummocks of the debris-
avalanche deposit (figs. 18, 36, 39B, and 43), would have
been destroyed by "piggybacking.” This relation further
suggests that most of the pyroclastic currents from the
blast were deposited after deposition of the debris-ava
lanche deposit.

The blast deposits on top of the debris-avalanche
deposit mantle hummaocks but are thicker in depressions
(figs. 18 and 36); these relations to topography are charac-
teristic of pyroclastic surges (Wright and others, 1980).
However, the blast deposits are generally massive, and in
the more distal regions are restricted only to interhum-
mock areas, which are features characteristic of dense
pyroclastic flows sensu stricto (Wright and others,
1980). The blast deposits that emptied the magma cham-
ber after deposition of the avalanche deposit were likely
emplaced by pyroclastic density currents that were both
surges and flows; but in any case, the currents must have
been much less inflated than the initial "blast surge" that
surmounted 1,000-m-high ridges and left well-stratified
deposits.

Both the blast deposit and the matrix facies of the
debris-avalanche deposit are a homogeneous mix of al
rock types from the old mountain and the juvenile blast
dacite, and they are commonly difficult to distinguish
from each other. However, the surface morphology of the
deposits is visible because the matrix facies of blast
deposit where it covers the debris-avalanche deposit has a
distinctive undulating surface morphology that is com-
monly studded with boulders of blast dacite (fig. 39),
compared with the hummocky morphology of the matrix

Figure 43. Ropy surface of lahar deposit overlying blast deposit, which overlies debris-avalanche deposit. Photograph taken June 22,

1980.
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facies of the debris-avalanche deposit. The blast deposit
generally contains a larger percentage of juvenile blast
dacite than the debris avalanche. In South Coldwater
Creek, the matrix faciesis readily distinguished from the
blast deposits mapped adjacent to the hummocks because
the matrix facies contains a high percentage of organic
material, soil, prehistorically erupted tephra, and bedrock
picked up from surrounding rocks on Johnston Ridge
(Fisher and others, 1987).

Blast deposits mapped here can be correlated only
with the composite A1 unit of Waitt (1981); this unit
includes a layer of pebble gravel with or without sandy
finer grained material.  Except in the area near Spirit
L ake (see Glicken and others, 1989), the blast deposit on
top of the debris avalanche cannot be correlated with the
units defined by Hoblitt and others (1981), Moore and
Sisson (1981), or Fisher and others (1987). The units of
the other authors, which were defined on the ridgetops
around Mount St. Helens and in South Coldwater Creek,
consist of a coarse, friable, fines-depleted lower layer
overlain by a layer with more fine ash and parallel to
wavy laminations.

LAHAR DEPOSITS

On the morphologic map (pl. 3), lahar deposits are
shown where they cover most of the surface area of the
debris-avalanche deposit and also where they flowed off
the west end of the avalanche deposit. Within areas
mapped as lahar deposits, there are many isolated hum-
mocks not covered with lahars that could not be shown
on the scale of the morphologic map.

On the lithologic map, lahar deposits covering the
debris-avalanche deposits are mapped only where they
are thick enough (approximately >1 m) to prohibit identi-
fication of the lithology of the underlying debris-ava-
lanche deposit. Lahar deposits thinly mantle the debris-
avalanche deposit in many other areas. Lahars are also
mapped on the lithologic map where they flowed off the
west end of the debris-avalanche deposit.

The lahar deposits consist of mudflow, debris flow,
and hyperconcentrated lahar-runout deposits (terminol-
ogy of Pierson and Scott, 1985) that formed from the
debris avalanche in the late morning and early afternoon
of May 18 (Janda and others, 1981). "Laha" is the
appropriate term here, as it is an inclusive term that
describes masses of flowing volcanic debris intimately
mixed with water (Fisher and Schmincke, 1984). Voight
and others (1981, 1983) and Lipman (1981) referred to
the same deposits as "mudflow™ units.

The lahar deposits have a generally flat but locally
ropy surface morphology (fig. 43). They never form

hummocks and, where present, cover the debris-ava-
lanche deposit in the areas between hummaocks.

The texture of the lahar deposits is generally distinct
from that of the debris-avalanche deposits. They consist
of claststhat are as much astens of centimetersin diame-
ter dispersed in brown finer grained material; they do not
contain debris-avalanche blocks transported intact from
the old mountain.

During the afternoon of May 18, 1980, while travel-
ing up and down the North Fork Toutle River in a heli-
copter on arescue mission, | observed some of the lahars
forming from slumping of water-saturated debris ava-
lanche material (fig. 44A). The moving lahars often pon-
ded between hummocks and broke out to form lahars
with greater peak discharges. Just after the eruption,
some hummocks showed slump features that had clearly
generated lahars (fig. 45). Some lahars also formed from
headward erosion of channelsin the debris avalanche that
| saw full of mud on May 18 (fig. 44B). Some formed
from incorporation of sediment by stream flows that ema-
nated from springs in the debris-avalanche deposit. The
spring that generated the most lahars is at the base of the
break-in-slope just west of Maratta Creek (fig. 36). R.P.
Hoblitt (oral commun., 1982) observed water to gush
from the spring on the afternoon of May 18.

Although the debris avalanche was emplaced shortly
after 8:32 am. Pacific Daylight Time (PD.T), the major
lahar did not flow off the west end of the avalanche
deposit until the afternoon of May 18. | arrived in the
North Toutle River valley at 12:18 p.m. and saw the river
channel west of the debris-avalanche deposit, but | did
not see flowing lahars. The peak stage of lahar genera-
tion was at about 1:30 p.m. in the Elk Rock area (Cum-
mans, 1981). Slumping of a significant volume of
material and the development of a ground water flow
field to form springs apparently required a few hours;
also, melting ice may have contributed water to generate
lahars, and it probably took a few hours for enough ice to
melt (Fairchild, 1985, 1987). Harmonic tremor related to
the intense eruptive activity in the afternoon may also
have contributed to the generation of lahars (Fairchild,
1985, 1987).

At 12:18 p.m., | saw a coating of mud about 1 cm
thick on boulders in the channel just west of the dista
end of the debrisavalanche deposit. The coating
extended no more than 0.5 m above the surface of the
channel; it probably was deposited by muddy Toutle
River water pushed in front of the avalanche.
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Dry debris avalanche

Figure 44. Oblique aerial photographs of moving lahars near North Fork Toutle River on afternoon of May 18, 1980. A, Dark-colored
moving lahars that formed from slumping of water-saturated hummocks. Light-colored hummocks are dry debris-avalanche deposit.
Dark-colored hummocks are moist debris-avalanche deposit showing incipient lahars. Scale uncertain, probably about 150 m wide (Con-

tinued on next page).

PYROCLASTIC-FLOW DEPOSITS OF THE AFTERNOON
OF MAY 18

Pumiceous pyroclastic-flow deposits rest on top of
the debris-avalanche and blast deposits in the area just
north of the crater. They cover the debris-avalanche
deposit to depths of more than 40 m and have avolume of
about 0.25 km® (C.W. Criswell, oral commun., 1984).

The pumiceous pyroclastic-flow deposits are easy
to distinguish from the debris-avalanche and the blast
deposits. They consist of highly inflated pumice (mostly
white to yellow, with some gray fragments) and subordi-
nate lithic debris in glassy, finer grained material. Nearly
all the deposits have levees and flow fronts consisting of
the coarser grained parts of the deposits (Rowley and
others, 1981; Criswell, 1984).

These deposits formed from the continued emptying
of the May 18 magma chamber after the initial avalanche
and blast events. For the entire morning, the magma pro-
duced only avertical column, but in the afternoon both a

vertical column and pyroclastic-flow deposits were pro-
duced (Christiansen and Peterson, 1981; Criswell, 1987).

TERTIARY BEDROCK

The ridges surrounding the debris-avalanche deposit
are composed of well-lithified Tertiary bedrock. These
rocks are primarily flows and breccias of basaltic to rhy-
olitic composition that have been regionally metamor-
phosed to zeolite or prehnite-pumpellyite facies. Around
Spirit Lake, there are some small areas of granitic rocks
of the 21- to 22-m.y.-old Spirit Lake pluton (Evarts and
others, 1987). The volcanic rocks were correlated with
the Oligocene-Miocene Ohanapecosh Formation, which
was dated at 31-45 m.y. outside the map area (Hammond,
1980).

Recent work by Evarts and others (1987) casts doubt
upon this correlation. The bedrock around Mount St.
Helens contains only rare exposures of epiclastic volcanic
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Figure 44. Oblique agria photographs of moving lahars near North Fork Toutle River on afternoon of May 18, 1980. B, Channelsfull
of lahar near distal end of debris-avalanche deposit. Light-colored hummocks are dry debris-avalanche deposit; dark-colored hummocks
are moist debris-avalanche deposit. Scale uncertain, probably about 50 m wide.

rocks that are common in the type area of Ohanapecosh
in Mount Rainier National Park (Fiske and others, 1963).
Moreover, potassium-argon dating of the rocks in the
Spirit Lake quadrangle just north of Mount St. Helens
showed that the rocks were 22 to 28 m.y. old (Russell
Evarts, oral commun., 1985), considerably younger than
the ages of the Ohanapecosh Formation. Following the
example of Evarts and others (1987), no formation name
is used for these rocks; they are simply called "Tertiary
bedrock."

TEXTURE OF THE DEPOSIT

GENERAL STATEMENT

TERMINOLOGY

The terminology of sedimentology contains many
terms that are ambiguous when applied to debris-ava-
lanche deposits. In order to study debris-avalanche
deposits, it is necessary to rigorously define and consis-
tently use a single set of definitions. Some of this termi-

nology is drawn from the literature of sedimentology,
someis drawn from the literature on volcaniclastic rocks,
and some is adapted from previously published studies of
large volcanic debris-avalanche deposits. The usage of
some terms in thiswork is summarized in the glossary.

The texture of volcaniclastic deposits commonly
refers to the grain-size distribution of the material (for
example, Crandell, 1971, Murai, 1961). Here, it is used
in the more general sense (for example, Fisher and
Schmincke, 1984) to refer to the size, shape, and fabric
(pattern of arrangement) of the particles that form the
deposit. A "particle” is usualy considered to be a"sepa-
rable or distinct unit in a rock" (Bates and Jackson,
1980).

The word "structure” is applied to features visible on
the scale of exposures (for example, Fisher and Heiken,
1982). The distinction between textures and structuresis
somewhat arbitrary because exposure-scale features also
represent the pattern of arrangement of particles. "Tex-
ture" is used in thiswork to refer to these patterns on any
scale.
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Figure 45. Scarp of aslump on adebris-avalanche hummock that
produced alahar. Photograph from June 22, 1980.

Two different kinds of particles are defined to
describe the debris-avalanche deposit. A "clast" is
defined as a rock of any size that would not break if
passed through a sieve or immersed in water. Each clast
can be considered one particle. A "debris-avalanche
block™ is defined as a coherent, unconsolidated or poorly
consolidated piece of the old mountain that was trans-
ported to its place of deposition relatively intact. Each
debris-avalanche block may be thought of as one particle
that contains many smaller particles (clasts). The usage
of the term "debris-avalanche block" is similar to that of
"megablock” of Mimura and Kawachi (1981) and Ui
(1983). The distinction between consolidated clasts and
unconsolidated or poorly consolidated debris-avalanche
blocksis essential for the analysis of exposures.

Several terms are used in this chapter to describe the
disintegration of material. The breaking of individual
clasts is "fracturing." Thorough fracturing of clasts is
called "shattering." When material expandsfromitsorig-

inal density on the mountain (at least in part by shattering
of clasts), itissaid to "dilate"; when it breaks apart into its
constituent clasts which then move apart, it "disaggre-
gates."

Two end-member facies are used to describe the tex-
ture of the debris avalanche, the block facies and the
matrix facies. This terminology follows the precedent of
Crandell and others (1984), and Ui and Glicken (1986).
Both facies would be classically described as angular,
unstratified, unsorted rubble consisting of materia
(clasts) that ranges in size from microns to meters in
diameter.

The block facies consists entirely of debris-avalanche
blocks, coherent unconsolidated or poorly consolidated
pieces of the old mountain that were transported relatively
intact. Debris-avalanche blocks range in size from a few
centimeters to more than ahundred meterswide. Some of
the debris-avalanche blocks are smeared out and
deformed to varying degrees. The smeared-out debris-
avalanche blocks a few centimeters wide that are com-
monly observed in exposures are caled "rubble
schlieren.”

Most of the clastsin the block facies were partialy or
completely shattered from their origin on the old Mount
St. Helens, so that although the original stratigraphy or
structureis locally preserved (the "mutual arrangement of
separate fragments'; Gorshkov and Dubik, 1970) few
clasts meters wide from the old mountain remain. Shreve
(1968) observed the same texture in the nonvolcanic
Blackhawk slide and named it the "three-dimensional jig-
saw puzzle effect.” In the Mount St. Helens deposit, the
shattering has produced unconsolidated rubble or poorly
consolidated rubble that was cohesive enough upon depo-
sition to form hummocks.

The term matrix facies is used here in the sense of
Crandell and others (1984) and Ui (1983) to refer to the
completely mixed parts of the debris-avalanche deposit.
The matrix facies contains al rock types from the old
mountain and juvenile "blast" dacite in an unsorted and
unstratified mixture. Locally, fragments of wood and bits
of soil and rock from the terrain underlying the deposit
are present in the matrix facies.

It must be emphasized that "matrix" is not used as a
grain-size designation in this study. Other authors, (for
example, Horz and others, 1983; Crandell, 1971) in their
studies of unsorted or poorly sorted clastic deposits, use
"matrix" to refer to finer grained parts of the deposits, but
the "matrix facies' of large volcanic debris avalanches
can contain clasts that range in size from microns to
metersin diameter (Crandell and others, 1984; Ui, 1983).
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SCALESOF STUDY

The texture of the avalanche was studied on many
different scales. The lithologic map of the deposit (pl. 4)
is amap of areas that represent different rock types and
areas that include matrix facies and debris-avalanche
blocks too small to map. The map shows relations
between the block facies and the matrix facies on the
largest scale, and it can be interpreted to indicate rela
tions between different debris-avalanche blocks of the
block facies. Maps of 1-m? exposures cleared of collu-
vium and slope debris (called "windows') show these
relations as well as the relations between individual
clasts. Grain-size analyses give the size distributions of
clastsin the 1-m? exposures.

TEXTURAL INTERPRETATION OF MAP
RELATIONS

The lithologic map of the debris avalanche (pl. 4)
shows two principal divisions of the avalanche deposit.
In the eastern part of the North Fork Toutle River valley
(east of the prominent break-in-slope at the constriction
just west of Maratta Creek; fig. 36), the only units of the
debris avalanche that are mapped are units of the block
facies, although isolated exposures of matrix facies are
found covered with blast deposit (pl. 5). This part of the
debris-avalanche deposit is referred to as the "flow of
debris-avalanche blocks," and the break-in-slope is the
flow front of the flow of debris-avalanche blocks. West
of this break-in-dope and in South Coldwater Creek,
only isolated areas of the block facies are mapped; the
rest are the mixed block and matrix facies unit. Strati-
graphic evidence (see "Geologic Maps of the Deposit";
fig. 37) indicates that most of the debris avalanche west
of the break-in-slope was deposited after deposition of
most of the eastern part of the debris-avalanche deposit,
and it is part of the deposit from slide block |11 (see"Con-
clusions').

EAST OF THE BREAK-IN-SLOPE

Each area of one lithologic unit of the debris-ava-
lanche deposit in the eastern part of the North Fork Toutle
River valley is composed of one or more blocks. Rarely,
block boundaries can be delineated by comparing the
stratigraphy or structures in the blocks to those in the old
mountain (for example, figs. 13A and 33). However,
because block boundaries do not necessarily coincide
with mapped lithologic contacts, map patterns cannot be
interpreted as patterns of blocks.

The area near Spirit Lake contains the largest, least
deformed debris-avalanche blocks found in the debris-

avalanche deposit. A debris-avalanche block was identi-
fied that has a minimum exposed area of 1.5x10° m? and
avolume of 1.7x10” m® (fig. 13A); the minimum extent
of the block is outlined with a dashed line on plate 4. A
contact between the older dacite unit and the andesite and
basalt unit that extends from hummock to hummock
across five hummocks defines the debris-avalanche
block, because it indicates that one piece of the old
mountain was transported relatively intact. The same
contact occurs throughout the area west of Spirit Lake
and east of the Pumice Pond (called "Spirit Lake Block-
age" by Glicken and others, 1989) <0 it is possible that
this entire area may be one debris-avalanche block. The
contact is faulted down between the hummocks (fig.
13A). Thisfact suggests that the morphology of the area
reflects normal faulting produced by extension and that
the hummocks are horsts and the interhummock areas are
grabens (hummock formation mechanism 1, see "Geom-
etry of the Deposit").

Areas along the margins of the debris-avalanche
deposit (on the north side between Coldwater Lake and
Spirit Lake, and on the south side between Castle Lake
and Studebaker Ridge) have a chaotic lithologic pattern.
The rock types in these areas are primarily modern dac-
ite, andesite, and basalt, with relatively little older dacite.
The rock types are jumbled together, and hummocks
commonly consist of more than one rock type. A few
structures showing igneous dikes or layering resemble
structures in the crater (fig. 46). Hummocks with these
structures are identified as "coherent” and designated as a
separate unit on plate 4. These are the only areaswhere it
is possible to identify debris-avalanche block boundaries.
The largest debris-avalanche block identified in these
marginal areas has an exposed area of 1.8x10* m? and an
estimated volume of 1.3x10% m®.

Figure 46. Hummock made of one debris-avalanche block in
andesite and basalt unit near Coldwater Lake. Layered lava-flow
stratigraphy preserved from crater. Hummock about 60 m high.
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The chaotic distribution of map units probably
results from the interaction of the moving avalanche with
the underlying terrain. Debris-avalanche blocks were
highly deformed when they smashed against the ridges.
Debris-avalanche blocks slowed down on the margins of
the North Fork Toutle River valley and then broke up and
tumbled end-over-end when they came in contact with
the irregularities of the underlying topography. This
interaction is aso reflected in the morphology of the
deposit in the margina areas, where the morphology is
much more irregular than the morphology in the central
areas.

Although only debris-avalanche blocks are mapped
in the North Fork Toutle River valley east of the break-in-
slope, materia interpreted to be matrix facies is present
in the deep exposures of Castle Creek and the North Fork
Toutle River near Coldwater Creek (pl. 5, D-D'). This
material closely resembles the overlying blast deposits
that conceal the matrix facies on the geologic map (pl. 4).
In this area, the matrix facies occurs between hummocks
but is not observed to form or support them. The material
is interpreted to be matrix facies because it has low per-
centages of juvenile dacite clasts >2 cm wide (9+6 per-
cent at an exposure 60 m north of samplelocality DXS-6,
compared with 25+11 percent for the blast deposit
directly overlying it) and is >10 m thick, considerably
thicker than the blast deposit.

A few hummocks of the mixed block and matrix
facies unit are mapped in South Coldwater Creek. These
hummocks are almost entirely matrix facies. Fisher and
others (1987) refer to the matrix facies in South Coldwa-
ter Creek as "avalanche 11" material; they interpreted the
material as having originated as slide blocks Il and IlI.
This terminology is not used here because it does not
apply to the main part of the debris-avalanche deposit.

WEST OF THE BREAK-IN-SLOPE

The map pattern of the debris-avalanche deposit west
of the break-in-slope near Maratta Creek is very different
from that of the eastern part of the avalanche. Debris-
avalanche blocks as much as a few tens of meters wide
occur only locally, because most of the deposit consists
of amixture of matrix facies and debris-avalanche blocks
<20 meters wide. Scoured material, which consists pri-
marily of wood, rock debris, and soil from adjacent
ridges, is present only on top of the margins of the debris-
avalanche deposit. The distal material at the west end of
the avalanche deposit consists of jumbled piles of soil
and splintered trees felled by the blast and shoved in front
of the avalanche.

It is clear that the larger debris-avalanche blocks are
surrounded by the mixed block and matrix facies map

unit (pl. 4). Probably, the larger debris-avalanche blocks
were carried by the mixed unit, but the relations are less
clear for the smaller debris-avalanche blocks. Thisisdis
cussed further in the next part of this section.

In the region <2 km west of the break-in-slope, the
larger debris-avalanche blocks are not surrounded by the
mixed unit. Rather, debris-avalanche blocks of older dac-
ite make up the entirety of the exposed area of the debris-
avalanche deposit. These debris-avalanche blocks were
probably carried from an upslope part of the avalanche by
the mixed material and dropped just after traveling down
the break-in-slope.

Aerial photographs of the distal 4 km of the deposit
taken on May 19, 1980, by the Washington State Depart-
ment of Transportation (fig. 47) reveal unexplained tex-
tural patterns on the south half of the deposit. These
patterns are roughly perpendicular to the direction of flow,
which is consistent with the interpretation that they could
represent imbricated debris-avalanche blocks of the old
mountain, with each block a different lithology. How-
ever, these patterns could not be recognized in thefield, so
they do not seem to reflect such a pattern of debris-ava
lanche blocks.

Soon after it came to rest, the entirety of the debris
avalanche was covered with a thin coating (<1 cm) of the
A3 airfal layer of the blast deposit (Waitt, 1981; Sisson,
1995). My photographs (fig. 44) of the debris-avalanche
deposit on the afternoon of May 18 and the photographs
of the deposit taken by Austin Post on May 18 and 19,
1980 (fig. 36), show that the dark areas on the deposit are
lahars or are areas of wet A3. The unexplained patterns of
figure 47 perhaps represent imbricate slices (but not
debris-avalanche blocks) of the mixed block and matrix
facies unit of the debris avalanche; the contrasting dark-
ness of the stripes may represent contrasting moisture
content in the slices resulting from varying degrees of sat-
uration of the material. When a pair of the photographsis
viewed with a stereoscope, some of the darkest (wettest?)
stripes are observed to vaguely follow topography, and
thisis consistent with the above interpretation.

LATERAL VARIATION IN DEBRIS-AVALANCHE BLOCK
SIZE

Because each map area does not necessarily represent
only one block, the true size of debris-avalanche blocksis
uncertain except where original volcanic structures define
the blocks. The measurements of Ui (1985), Ui and
Glicken (1986), and Siebert (1984) for volcanoesin Japan
and the Cascade Range are very dependent on the size of
exposures and generally reflect minimum block size. For
this study, where debris-avalanche block boundaries can
be identified, volumeswere estimated from the topo-
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Figure 47. Aerial photograph taken May 19, 1980, showing enigmatic textural pattern on southern half of deposit. Photograph from
Washington State Department of Transportation.
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Figure 48. Volume of identified largest debris-avalanche blocks
(log) in 1-km? areas versus distance from source (crater). Note
general trend of decreasing debris-avalanche block size with dis-
tance.

graphic map and were plotted on a semi-log scale in fig-
ure 48. The definite trend of decreasing block size with
distance from source indicates disaggregation of blocks
during transport.

TEXTURAL INTERPRETATION OF
EXPOSURES

GENERAL STATEMENT

The texture of the avalanche deposit on a scae
smaller than the geologic maps was investigated in detail .
Flat or inclined surfaces are covered with slope wash and
other deposits of May 18, so avalanche textures are rarely
visible in natural exposures. Because of the poor natural
exposures, 1-m? vertical exposures were cleared with
hand tools at 52 locations throughout the avalanche
deposit (pl. 4) in order to study textures. The vertical
exposures, here called "windows,” were made as flat as
possible, sprayed with water to enhance the contrast of
colors, and then photographed (fig. 49).

Numerous data were gathered from each window.
Maps of the distribution of different rock typesin the rub-
ble were made by overlaying drafting film on color pho-
tographic prints of the windows. The size distribution of
clasts coarser than -5¢ (32 mm) was measured by outlin-

Figure 49. Photographs of typical 1-m? windows. A, DXS-26,
showing both block facies and matrix facies (seeline drawing type
6 dmx infig. 50). B, DXS-30, showing only matrix facies. Pris-
matically jointed clast (arrow) is juvenile blast dacite.

ing the areas of the clasts on the prints. A 2- to 3-kg sam-
ple was taken and standard sieve and pipette analyses
were performed in order to determine the size distribution
of clasts finer than -5¢. The three dimensions of the 10
largest clasts in each window were measured in order to
compare similar measurements from other volcaniclastic
deposits. The standard sand-cone test (American Society
for Testing of Materials, 1977) was conducted to deter-
mine the in-place dry field density of the deposit. If
matrix facies material was present in the window, or if
block-facies windows were made of more than one rock
type, approximately 100 clasts >2 cm wide were classi-
fied by rock type (table 3).

DESCRIPTION OF WINDOWS

In order to provide a catalog of the different types of
exposures in the debris-avalanche deposit, to study the
texture of the deposit in a way directly comparable to
methods possible in most prehistoric deposits (for exam-
ple, Shasta Valley debris avalanche; Bandai-san debris

44 Rockslide-Debris Avalanche of May 18, 1980, M ount St. Helens volcano, Washington



avalanche), and to provide data to interpret the processes
involved in the transport of the material, line drawings
(maps) of the windows (fig. 50) were constructed. The
outlined areas on the windows represent different rock
types and/or colors as measured in the field on a Munsell
rock-color chart. Each color represents a different rock
type or varying degrees of alteration within the old moun-
tain.

The textures are classified into seven general types
based on examination of the maps in figure 50. Four

Type 1-Modern dacite unit

types contain only block facies, two contain both matrix
and block facies, and one contains only matrix facies.

BLOCK-FACIESWINDOWS

Type 1 exposures contain structures that closely
resemble original volcanic structures observed in the cra-
ter. The structures are lava flows, platy jointing of
domes, dikes, and layered sequences of tephra. Locality
DXS-12 is composed entirely of modern dacite rock
exhibiting platy dome jointing. The other types of struc-

Type 2-0lder dacite unit

< Q

1b

DXS-20; 12.3 km from source

1 Older dacite
2 Andesite and basalt

3 Modern dacite bl

EXPLANATION
a Olive gray h Olive brown o Brown red
b Gray i Yellow brown p Dusky red
¢ Reddish Brown j Greenish gray q Dusky red brown
d Grayish black k Black r Grayish orange pink
e Grayish red I Brown s Yellowish gray
f Olive black m Yellow orange t Brownish black
g Red n Blackish red u Brownish gray

Lithology designations

pum Pre-1980 pumice
mtx Matrix facies

Blast deposit

v Dusky brown

org Organic-rich material,
generally soil or wood

Figure50. Line drawings of windows (1-m? exposures cleared of colluvium and slope wash) at various localities throughout avalanche.
Seeplate 4 for localities. Of the seven types of texture, four contain only block facies, two both block and matrix facies, and one only
matrix facies. Solid lines bound clasts visible on scale of windows (larger than 1 cm). Long dashes define contacts between colors where
sharp to within 2 cm on window. Short dashes indicate diffuse contacts. Color designations from field measurements using Munsell Rock

Color Chart. Intensity modifiers (light, dark, etc.) not used.
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tures were not seen in the windows, but were observed in
various localities in the deposit (figs. 13A, 14, 31-34, and
46).

Type 2 exposures are composed entirely of one rock
type and one color. The homogeneity of the materia
makes it difficult to determine the amount of deformation
and mixing within the material. Locally, the presence of
claststhat are fractured but not disaggregated (e.g., 825-5;
"jigsaw cracks" of Ui, 1985) and clasts clustered together
rather than dispersed throughout the material (probably
disaggregated from jigsaw cracks; for example, DXS-16)
indicate that parts of the material travelled together as a
unit with little deformation.

Type 3 windows show more than one color, but only
one rock type. The colors represent different degrees of
ateration of the material (Pevear and others, 1982). The
boundaries between the colors are either sharp or dif-
fuse. Commonly, the material is deformed into numerous
rubble schlieren (for example, DXS-19).

Type 4 windows show more than one rock type and
generally more than one color. The boundaries between
the rock types and between the colors are either sharp or
diffuse and may be deformed into rubble schlieren but
show no apparent stratification. The different rock types
may represent different debris-avalanche blocks or may
represent contacts between different rock types within a
block. Commonly, these windows exhibit roughly hori-
zontal stratification of rubble schlieren (for example, 825-
3, 827-7).

BLOCK- AND MATRIX-FACIESWINDOWS

Type 5 windows show only one rock type in the block
facies and contain some of the blended matrix facies
material. The boundaries between the rock types and
colors are either sharp or diffuse. Locally, the windows
exhibit roughly horizontal stratification of the rubble
schlieren (for example, DXS-37).

Type 6 windows show more than one rock typein the
block facies and contain some of the blended matrix
facies material. The boundaries between the rock types
and colors are either sharp or diffuse. Locally, the win-
dows exhibit roughly horizontal stratification of the rub-
ble schlieren (for example, DX S-35).

MATRIX-FACIESWINDOWS

Type 7 windows consist entirely of matrix facies
material. All the rock types are blended together, so there
are no rubble schlieren. These windows are identical in
appearance to unsorted and unstratified exposures of the
blast deposit (for example, DXS-18).
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DISCUSSION OF WINDOWS

The windows represent a sampling of the internal
texture of the avalanche deposit. They provide evidence
for varying degrees of fracturing of clasts and disaggre-
gation and mixing of material during the formation and
transport of the rockslide-debris avalanche. In addition,
they are close analogs to road-cut or stream-cut expo-
sures in an old deposit, and observations of similar fea-
turesin an old deposit can help identify it as the deposit
of adebris avalanche.

The walls of the 1980 crater reveal horizontally strat-
ified lava flows and pyroclastic material, vertical dikes,
and other structures characteristic of the inside of a vol-
cano (see "Geology of the Source Ared’). In the debris-
avalanche deposit, similar exposures (type 1 windows,
and 13A, 14, 31-34, and 46) are striking but rare, and
commonly the volcanic structure or stratigraphy is at
least slightly deformed. Moreover, the fact that most of
the type 1 exposures, which show fewer large clasts than
similar exposures in the crater indicates that the material
was shattered before deposition. Thisis in contrast with
other debris-avalanche deposits (for example, at Mount
Shasta; Crandell and others, 1984, Ui and Glicken, 1986)
where well-preserved volcanic structures and stratigra-
phy are common.

Type 2 windows lack such well-preserved features,
but because they are composed of only one rock typeitis
difficult to determine the amount of deformation of the
material. Jigsaw cracks indicate that the clasts were frac-
tured but not shattered, and that the fragments of the
clasts were not dispersed; the paucity of jigsaw cracks at
the Mount St. Helens deposit relative to other deposits
(Ui and Glicken, 1986; Tadahide Ui, oral commun.,
1984) suggests that the clasts in the Mount St. Helens
deposit were much more thoroughly shattered than the
clasts in most other deposits. However, clustered clasts
are apparent in many exposures, which indicates that all
clasts were not completely dispersed and at least parts of
the material traveled as units from source to place of dep-
osition.

Type 3 windows are composed of only one debris-
avalanche block but show colors (representing different
degrees of hydrothermal alteration) that enable insight on
the amount of internal deformation. Generally, the mate-
rial is deformed into numerous rubble schlieren. Because
the exposures are monolithologic, each exposure proba-
bly isfrom just one debris-avalanche block.

Disaggregation and mixing of debris-avalanche
blocks of the block facies were both important processes
during the initiation and transport of the debris ava
lanche. Window types 1 to 3 show little or no mixing,
and types 4 to 7 show progressively greater amounts of

mixing. The presence of more than one rock type in win-
dow types 4 to 6 suggests that there may be more than
one debris-avalanche block in each square meter. In
these windows, it is apparent that as the avalanche was
moving, some of the debris-avalanche blocks disaggre-
gated into their constituent clasts that were mixed
together with clasts from other debris-avalanche
blocks; this was one of the processes that created the
matrix facies present in window types 5, 6, and 7. This
process is well illustrated by windows DXS-9 and DXS
31 (Fig. 50); these exposures consist amost entirely of
matrix facies with only a few rubble schlieren of the
block facies remaining. The material stopped moving
just before mixing was complete.

Breaking up and mixing of the debris-avalanche
blocks in the block facies were not the only processes
that created the matrix facies. Clasts of juvenile dacite
are characteristic of the matrix facies (table 3), yet no
debris-avalanche blocks of juvenile dacite are found in
the avalanche deposit. This suggests that masses of juve-
nile dacite explosively broke apart immediately upon
depressurization of the cryptodome. Eyewitness photo-
graphs (Voight, 1981) show that explosions burst through
dlide blocks Il and 111, mixing pre-1980 rocks with the
juvenile dacite. The photographs indicate that the explo-
sions from dlide block 1l created the "blast surge” that
spread over the ridges north of the mountain. The explo-
sions that accompanied side block 111 were probably less
energetic, and the debris from these explosions may have
picked up pieces of previousy deposited debris ava-
lanche blocks which then disaggregated. The whole
mass moved down the North Fork Toutle River valley and
was deposited as the matrix facies.

The roughly horizontal stratification of some of the
windows may represent original stratigraphy from the
mountain or may result from shear within the debris ava-
lanche. If horizontal stratification represents original
stratigraphy, it implies that debris-avalanche blocks may
have rotated about vertical axes but did not tumble end-
over-end during transport. This is consistent with the
results of Mimura and Kawachi (1981) and Mimura and
others (1982) for the Nirasaki volcanic "dry" avalanche
deposit. They found that the inclinations of natural rem-
nant magnetism (NRM) in debris-avalanche blocks of the
Nirasaki deposit are similar to one another and generally
close to the present magnetic field, but that the declina
tions are quite different from one another.

Roughly horizontal stratification probably generally
results from shear within the moving avalanche. The
stratigraphy within windows generally cannot be recog-
nized as original volcanic stratigraphy. Greater shear
takes place at the margins of avalanche flow rather than at
the center, and windows at the margins of the deposit
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commonly exhibit crudely horizontal stratification (e.g.,
windows 827-7, DXS-26, and DX S-28; fig. 50).

The coherent but deformed debris-avalanche blocks
in exposure types 3 to 6 are characteristic of many volca-
nic debris avalanches around the world (Ui, 1983) and
serve as good criteria for recognition of this kind of
deposit. Deposits of other poorly-sorted volcaniclastic
materials only very rarely show these structures on the
scale of the windows. Where they do, it is likely that the
blocks were picked up from a pre-existing debris-ava-
lanche deposit and carried "gently” in alahar or pyroclas-
tic flow (for example, Scott, 1988, 1989).

As type 7 windows are identical in appearance to
many unsorted and unstratified exposures of the blast
deposit they cannot provide criteria with which to recog-
nize debris-avalanche deposits. They are only recognized
as exposures of the Mount St. Helens debris-avalanche
deposit because they are found in hummocks of the
deposit.

DENSITY MEASUREMENTS

To quantify the measure of degree of disaggregation
of the debris-avalanche deposit, the density of the deposit
and the mountain were determined (table 4). The in-
place dry field density of the debris-avalanche deposit
was measured by the standard sand-cone test (American
Society for Testing of Materias, 1977) on a cleared flat
area adjacent to each window (fig. 51A). Similar sand-
cone density measurements were made at three locations
in the older dacite dome complex in the crater walls and
at one location in an older dacite pyroclastic-flow deposit
in a canyon on the north flank of the mountain. It is not
possible to apply the sand-cone technique to the coarse
lava flows that make up the bulk of the andesite and
basalt unit, so laboratory-determined specific gravity
measurements of andesite and basalt clasts >2 cm diame-
ter were assumed to represent the density of the andesite
and basalt unit. Laboratory-determined specific gravity
measurements of modern dacite clasts >2 cm diameter
were assumed to represent the density of the modern dac-
ite unit which is missing from the crater. The density of
the least vesiculated juvenile dacite clasts (Hoblitt and
others, 1981; Hoblitt and Harmon, 1993) were assumed
to approximate the density of the cryptodome.

The mean density of the part of the mountain that
became the debris avalanche is calculated to be 2.31 g/
cm®. The percentages of the various rock types in the
crater (table 2) and density measurements for each rock
type in the old mountain (table 4) are used to compute
this value. Sand-cone dry density measurements of the
older dacite unit in the mountain range from 2.41 to 2.53

g/cm? with amean of 2.44 g/cm?3. Laboratory dry-density
measurements of andesite and basalt clasts, each repre-
senting the average of about 50 clasts of varying vesicu-
larity, average 2.22 g/cm® similar measurements of
modern dacite clasts average 2.27 g/cm3. The laboratory
measurements may be slightly higher than the actual den-
sities of the units because they ignore jointing in the units
on the old mountain. The density of the least vesiculated
juvenile dacite is 2.0 to 2.1 g/cm® (Hoblitt and others,
1981).

Sand-cone measurements of the debris-avalanche
deposit range from 1.44 to 2.18 g/cm® and have a mean
value of 1.85 g/cm? (table 4). Just before deposition, the
debris avalanche at each sample locality was probably
dlightly less dense than the measured value, so the data
represent maximum density values for the moving debris
avalanche. The mean measured values of the older dacite,
andesite and basalt, modern dacite, and mixed units vary
within a narrow range of 1.89 to 1.99 g/cm?. The units
that are present only on the margins of the deposit, the
modern undifferentiated and the marginal mixed block
and matrix facies unit, have significantly lower (1.60 and
161 g/cm3) mean density values than the rest of the
deposit (table 4; fig. 51B).

The mean density of the samples from debris ava
lanche (1.85 g/cm®) is significantly less than the calcu-
lated mean density of the old mountain (2.31 g/cm®). In
fact, al the density measurements of the debris-avalanche
deposit are significantly less than all the measurements of
the material making up the old mountain. This suggests
that during the events of blast and the rockdlide-debris
avalanche, the material from the mountain was dilated by
about 20 percent before the bulk of it was deposited as the
debris-avalanche deposit.

There are no trends of increasing or decreasing den-
sity with distance from source (fig. 51B). A decreasing
trend would be expected if dilation resulted primarily
from transport of the materia in the debris avalanche or
shear within the avalanche. The lack of this trend sug-
gests that processes that occurred at the mountain were
the most important processes that shattered and dilated
the material. However, the lower density values for the
two units present at the margins of the deposit suggest
that shear at the margins of flow contributed to dilation.

Dilation probably resulted, at least in part, from shat-
tering of clasts. Shattering of clastsis evident in the win-
dows of type 1 and 2. The Mount St. Helens' deposit may
be more thoroughly shattered than most other large volca-
nic debris-avalanche deposits and that may explain the
scarcity of jigsaw cracksin the Mount St. Helens' deposit
compared with other large volcanic debris avalanche
deposits. The causes of dilation and shattering are
explained in the "Conclusions'.
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Table 4. Distance from source, density, grain-size, and sorting parameters for debris-avalanche and blast deposits

[distsr, distance from source (assumed to be the site of the 1980-85 dome) in km; denco, density of coarse clasts measured for some samples and assumed for
others to be average of measured samples for each unit, in g/cm?; denfld, field density computed by sand-cone method, in g/cm®; pct, percentage; gr, gravel;
s3, sand; g, silt, cl, clay; mu, mud (silt+clay); fw, Folk and Ward (1957); in, Inman (1954); tr, Trask (1930); mom, moment statistics, md, median; mn, mean;
S0, sorting; sk, skewness; ku, kurtosis; stand dev, standard deviation; Sprt, at Spirit Lake, Cold, at Coldwater Lake; Cstl, at Castle Lake]

Sample distsr denco denfld pctgr pctsa pctsi pctcl  pctmu mommn momso fwmd  fwmn fwso

Older dacite unit

DXS-2 25.30 197 243 59.06 32.65 7.54 0.75 8.29 -1.57 3.86 -2.24 -1.71 3.92
DXS-4 15.10 2.07 243 37.22 51.44 10.32 1.02 11.34 0.19 3.46 041 -0.02 3.39
DXS-6 15.60 2.04 2.39 52.65 43.74 321 0.40 3.61 -0.99 2.74 -1.17 -0.98 2.65
DXS-20 12.30 2.08 2.39 21.98 60.62 14.78 261 17.39 132 313 1.00 124 2.84
DXS-21 18.40 215 2.39 40.52 47.53 10.64 131 11.95 -0.18 3.86 0.04 -0.27 3.85
DXS-22 17.60 1.93 2.39 48.61 39.05 11.23 111 12.34 -0.64 3.95 -0.82 -0.75 3.97
DXS-24 13.30 1.86 2.39 22.81 65.41 10.13 1.65 11.78 1.04 272 0.84 0.83 2.55
825-3(Sprt) 9.40 175 243 23.83 55.01 17.78 3.39 21.16 1.45 394 181 1.50 3.84
827-3(Sprt) 9.70 1.98 243 24.00 60.50 13.64 1.86 15.50 111 3.10 0.96 0.92 3.01
MS-10(Cold) 16.90 161 2.43 30.40 55.80 12.28 152 13.80 0.80 3.10 0.80 0.64 3.06
826-3(Cstl) 16.40 1.45 243 37.95 52.24 8.92 0.88 9.81 0.20 312 0.25 0.02 312
mean 15.45 1.90 241 36.28 51.27 10.95 1.50 12.45 0.25 3.36 0.17 0.13 3.29
stan dev 4.45 0.22 0.02 12.99 9.87 3.84 0.87 4.64 1.00 0.47 116 1.00 0.53

Andesite and basalt unit

DXS-11 13.50 213 2.27 49.35 46.05 4.37 0.23 4.60 -1.06 2.95 -0.94 -111 2.81
DXS-13 2.50 213 227 41.23 52.49 5.52 0.75 6.28 -0.49 321 -0.16 -0.59 3.16
DXS-14 2.70 1.97 227 48.05 45.66 572 0.57 6.29 -0.61 2.95 -0.82 -0.75 2.85
DXS-16 11.30 2.07 2.27 56.86 34.34 8.00 0.79 8.80 -1.19 3.58 -1.78 -1.14 3.50
DXS-23 13.00 1.66 2.27 50.81 43.52 5.39 0.28 5.67 -0.87 3.03 -1.06 -0.96 3.01
DXS-25 14.60 1.86 2.27 65.15 30.12 421 0.52 4.73 -2.14 343 -2.58 -2.29 3.39
DXS-27 17.70 2.08 2.27 27.83 59.17 11.05 1.95 13.00 0.71 3.53 1.08 0.63 3.38
DXS-38 29.70 177 227 47.78 45.47 6.01 0.74 6.75 -0.93 3.39 -0.86 -0.90 347
825-5(Sprt) 9.40 1.84 227 69.08 29.29 1.48 0.15 1.63 -2.31 2.93 -3.00 -2.27 2.94
827-2(Sprt) 10.60 1.82 2.27 66.62 28.71 4.15 0.51 4.67 -2.46 3.64 -341 -2.76 3.68

MS-9(Cold) 16.90 153 227 47.92 41.08 9.57 143 11.00 -0.80 4.04 -0.69 -0.81 4.00

mean 12.90 1.90 2.27 51.88 41.45 5.95 0.72 6.67 -1.10 3.33 -1.29 -1.18 3.29
stan dev 7.46 0.20 0.00 12.09 9.92 2.69 0.54 3.20 0.92 0.36 131 0.95 0.37

Modern dacite unit

DXS-3 15.70 1.85 222 61.01 31.59 6.37 1.04 7.40 -2.04 4.13 -2.71 -2.20 4.15
DXS-12 13.50 1.85 222 92.34 6.56 101 0.09 1.09 -5.58 2.66 -6.51 -5.87 2.33
DXS-19 11.70 213 222 53.63 38.12 7.51 0.74 8.25 -0.74 342 -1.49 -0.88 3.25

MS-1(Cold) 17.20 212 222 48.03 41.14 9.20 1.62 10.83 -0.48 3.72 -0.76 -0.56 3.58

mean 14.53 1.99 222 63.75 29.35 6.02 0.87 6.89 -2.21 3.48 -2.87 -2.38 3.33
stan dev 242 0.16 0.00 19.79 1571 354 0.64 4.13 2.35 0.62 2.56 243 0.76
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Table 4. Distance from source, density, grain-size, and sorting parameters for debris-avalanche and blast deposits--Continued

Sample fwsk fwku inmd inmn inso inskl insk2 inku trmd trmn trso trsk trku
Older dacite unit
DXS-2 0.19 0.89 -2.24 -1.45 412 0.19 0.29 0.49 471 10.71 7.15 0.39 0.12
DXS4 -0.07 0.82 0.41 -0.24 3.57 -0.18 0.06 0.48 0.75 3.54 6.30 212 0.16
DXS-6 0.04 117 -1.17 -0.89 243 0.11 -0.06 0.95 2.25 3.39 3.16 0.75 0.23
DXS-20 0.11 0.98 1.00 1.36 2.86 0.12 0.14 0.63 0.50 0.91 3.87 0.78 0.17
DXS-21 -0.09 0.90 0.04 -0.43 3.86 -0.12 -0.10 0.64 0.97 481 7.40 172 0.12
DXS-22 0.05 0.86 -0.82 -0.72 4.18 0.02 0.11 0.48 1.76 6.24 7.83 0.79 0.11
DXS-24 0.07 1.05 0.84 0.83 2.56 0.00 0.24 0.63 0.56 0.95 311 0.97 0.18
825-3(Sprt) -0.18 122 181 134 3.70 -0.13 -0.41 0.77 0.29 0.91 457 179 0.07
827-3(Sprt) 0.01 101 0.96 0.90 3.04 -0.02 0.07 0.62 0.51 1.00 3.97 0.84 0.11
MS-10(Cold) -0.01 0.93 0.80 0.55 3.14 -0.08 0.09 0.57 0.57 155 4.47 133 0.15
826-3(Cstl) -0.03 0.85 0.25 -0.09 3.26 -0.10 0.07 0.51 0.84 2.74 521 145 0.17
mean 0.01 0.97 0.17 0.11 3.34 -0.02 0.05 0.62 125 3.34 5.19 118 0.14
stan dev 0.10 0.13 116 0.95 0.60 0.12 0.19 0.14 1.29 3.02 172 0.54 0.04
Andesite and basalt unit
DXS11 0.03 0.77 -0.94 -1.19 3.06 -0.08 0.19 0.39 1.92 6.34 4.82 1.72 0.24
DXS-13 -0.14 0.89 -0.16 -0.81 3.25 -0.20 -0.13 0.56 111 421 5.06 2.07 0.15
DXS-14 0.11 0.85 -0.82 -0.71 2.97 0.04 0.27 0.51 1.77 4.09 451 0.95 0.20
DXS-16 0.24 0.83 -1.78 -0.82 3.64 0.26 0.32 0.52 343 8.28 6.68 0.50 0.23
DXS-23 0.08 0.87 -1.06 -0.91 3.18 0.05 0.17 0.47 2.08 452 4.64 0.80 0.13
DXS-25 0.15 0.98 -2.58 -2.14 3.40 0.13 0.27 0.63 5.99 11.69 4.98 0.57 0.12
DXS-27 -0.19 1.10 1.08 0.40 3.24 -0.21 -0.31 0.79 0.47 1.39 4.47 157 0.07
DXS-38 -0.06 1.06 -0.86 -0.92 331 -0.02 -0.19 0.82 1.82 5.52 5.01 1.36 0.16
825-5(Sprt) 0.30 0.95 -3.00 -1.90 2.98 0.37 0.36 0.61 7.99 1057 4.22 0.35 0.24
827-2(Sprt) 0.27 1.06 -3.41 -2.44 3.96 0.25 0.42 0.42 10.62 9.02 453 0.13 0.07
MS-9(Cold) -0.03 0.90 -0.69 -0.86 4.04 -0.04 -0.04 0.62 1.62 7.61 7.85 1.39 0.08
mean 0.07 0.93 -1.29 -1.12 3.37 0.05 0.12 0.58 353 6.66 5.16 104 0.15
stan dev 0.16 0.11 131 0.79 0.37 0.19 0.25 0.14 3.25 3.10 110 0.63 0.07
Modern dacite unit
DXS-3 0.16 0.89 -2.71 -1.94 4.19 0.18 0.21 0.62 6.55 17.74 8.67 0.38 0.12
DXS12 0.55 1.53 -6.51 -5.54 2.17 0.45 123 0.89 91.28 108.24 214 0.83 0.31
DXS-19 0.28 0.71 -1.49 -0.58 3.48 0.26 0.42 0.44 2.80 6.43 7.32 0.38 0.29
MS-1(Cold) 0.11 0.86 -0.76 -0.47 3.64 0.08 0.21 0.60 1.69 5.63 6.78 0.92 0.20
mean 0.28 1.00 -2.87 -2.13 3.37 0.24 0.52 0.64 25.58 3451 6.23 0.63 0.23
stan dev 0.20 0.36 2.56 2.37 0.86 0.16 0.49 0.19 43.85 49.46 2.84 0.29 0.09
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Table 4. Distance from source, density, grain-size, and sorting parameters for debris-avalanche and blast--Continued

Sample distsr denco denfld pctgr pctsa pctsi pctcl  pctmu mommn momso fwmd  fwmn fwso
Modern undifferentiated unit
DXS-17 12.40 1.96 2.25 55.49 31.22 12.49 0.80 13.29 -0.71 3.68 -1.71 -0.74 3.60
826-2(Cstl) 16.20 151 225 43.47 46.75 8.80 0.98 9.78 -0.31 3.40 -0.36 -0.43 3.38
827-6(Cstl) 15.90 144 2.25 46.73 43.73 8.59 0.95 9.55 -0.82 4.08 -0.49 -0.65 3.99
827-7(Cstl) 15.90 1.50 2.25 4591 41.55 11.16 1.38 12.54 -0.27 3.76 -0.38 -0.39 3.74
mean 15.10 1.60 2.25 47.90 40.81 10.26 1.03 11.29 -0.53 3.73 -0.74 -0.55 3.68
stan dev 1.81 0.24 0.00 525 6.74 1.89 0.25 1.90 0.28 0.28 0.65 0.17 0.26
Mixed block and matrix facies unit
DXS1 29.90 1.99 2.30 42.89 43.52 12.36 122 13.58 -0.12 3.88 -0.05 -0.21 3.88
DXS-8 25.80 176 2.30 41.53 51.23 6.52 0.72 7.24 -0.18 3.15 -0.12 -0.32 3.07
DXS-29 21.40 181 2.30 47.93 42.83 7.67 157 9.24 -0.75 381 -0.71 -0.78 3.75
DXS-30 22.20 1.96 2.26 41.26 48.11 9.26 1.38 10.64 -0.20 3.52 -0.03 -0.22 351
DXS-31 23.10 2.10 2.30 35.72 54.97 8.10 121 9.31 0.20 321 0.43 0.06 3.12
DXS-33 24.50 2.18 2.30 46.33 45.30 7.62 0.75 8.38 -0.70 3.64 -0.60 -0.76 3.63
DXS-34 26.80 177 2.39 36.96 51.07 1041 156 1197 0.15 347 0.26 -0.04 3.39
DXS-35 28.10 1.80 2.30 51.04 41.57 6.64 0.74 7.38 -0.96 3.64 -1.15 -0.94 3.53
DXS-36 31.20 1.68 2.30 39.07 53.76 6.53 0.65 7.17 -0.20 331 0.08 -0.31 3.32
DXS-37 30.70 1.90 2.30 35.32 51.88 10.62 217 12.79 0.29 3.57 0.34 0.06 3.46
mean 26.37 1.89 231 41.81 48.42 8.57 1.20 9.77 -0.25 3.52 -0.16 -0.35 3.47
stan dev 3.56 0.16 0.03 5.32 4.83 201 0.49 2.37 0.43 0.24 0.51 0.36 0.26
Marginal mixed block and matrix facies unit
DXS-9 21.70 1.77 2.30 46.10 44.35 8.60 0.96 9.55 -0.72 3.89 -0.45 -0.71 3.86
DXS-26 17.70 157 2.30 40.70 48.40 10.02 0.87 10.90 -0.15 347 0.06 -0.27 344
DXS-28 21.00 1.45 2.30 47.70 41.10 10.19 101 11.19 -0.44 359 -0.63 -0.48 347
DXS-32 23.60 1.66 2.30 34.24 51.55 12,51 1.70 14.21 0.29 3.90 0.83 0.31 3.85
mean 21.00 161 2.30 42.19 46.35 10.33 113 11.46 -0.26 371 -0.05 -0.29 3.65
stan dev 2.46 0.14 0.00 6.08 458 1.62 0.38 197 0.43 0.22 0.65 0.44 0.23
All of debris avalanche deposit
mean 17.68 1.85 231 45.53 44.78 8.59 110 9.70 -0.54 347 -0.65 -0.63 3.40
stan dev 6.96 0.22 0.07 13.37 10.62 341 0.65 3.98 118 0.39 145 120 0.43
Blast deposit
DXS5 13.40 1.82 2.18 32.73 54.70 11.19 1.38 12.58 0.68 3.27 0.82 0.53 3.12
DXS-18 11.50 221 218 42.09 48.94 7.89 1.08 8.97 -0.23 3.49 0.00 -0.37 3.38
826-4(Cstl) 16.60 2.02 2.18 30.68 52.74 14.09 249 16.58 0.94 3.64 123 0.78 3.39
mean 13.83 2.02 218 35.17 52.13 11.06 1.65 1271 0.46 347 0.68 0.31 3.30
stan dev 2.58 0.20 0.00 6.08 2.93 3.10 0.74 381 0.61 0.19 0.63 0.60 0.15
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Table 4. Distance from source, density, grain-size, and sorting parameters for debris-avalanche and blast deposits--Continued

Sample fwsk fwku inmd inmn inso inskl insk2 inku trmd trmn trso trsk trku
Modern undifferentiated unit
DXS-17 0.35 0.73 -1.71 -0.26 3.89 0.37 0.45 0.41 3.26 6.79 8.43 0.24 0.27
826-2(Cstl) 0.01 0.83 -0.36 -0.46 3.59 -0.03 0.07 0.45 1.28 4.30 6.02 1.18 0.23
827-6(Cstl) -0.12 0.95 -0.49 -0.73 3.87 -0.06 -0.31 0.75 141 6.39 7.66 1.36 0.06
827-7(Cstl) 0.02 0.82 -0.38 -0.40 384 -0.01 0.09 0.56 1.30 5.85 8.02 122 0.22
mean 0.06 0.83 -0.74 -0.46 3.80 0.07 0.07 0.54 181 5.83 7.53 1.00 0.20
stan dev 0.20 0.09 0.65 0.20 0.14 0.20 0.31 0.15 0.97 1.09 1.06 0.51 0.09
Mixed block and matrix facies unit
DXS1 -0.05 0.86 -0.05 -0.29 3.92 -0.06 -0.07 0.62 1.04 5.12 8.09 145 0.26
DXS-8 -0.03 0.79 -0.12 -0.42 3.29 -0.09 0.04 0.43 1.08 3.50 5.46 131 0.20
DXS-29 -0.02 0.88 -0.71 -0.82 375 -0.03 -0.01 0.65 1.63 7.53 7.31 154 0.21
DXS-30 -0.06 0.95 -0.03 -0.31 345 -0.08 -0.08 0.71 1.02 423 5.90 1.87 0.18
DXS-31 -0.11 0.92 0.43 -0.13 321 -0.18 -0.07 0.56 0.74 2.39 4.70 172 0.13
DXS-33 -0.06 0.93 -0.60 -0.84 3.62 -0.07 -0.09 0.66 151 541 6.26 124 0.10
DXS-34 -0.03 0.88 0.26 -0.19 354 -0.13 0.09 0.50 0.83 3.25 5.60 1.82 0.18
DXS-35 0.06 0.82 -1.15 -0.84 3.56 0.09 0.04 0.62 2.22 7.78 7.45 0.86 0.21
DXS-36 -0.15 0.84 0.08 -0.51 349 -0.17 -0.20 0.49 0.95 3.67 5.81 1.68 0.13
DXS-37 -0.03 0.94 0.34 -0.08 357 -0.12 0.08 0.55 0.79 2.67 5.34 1.49 0.12
mean -0.05 0.88 -0.16 -0.44 354 -0.08 -0.03 0.58 1.18 455 6.19 1.50 0.17
stan dev 0.06 0.05 0.51 0.30 0.20 0.08 0.09 0.09 0.47 1.89 1.08 0.31 0.05
Marginal mixed block and matix facies unit
DXS9 -0.09 0.87 -0.45 -0.85 3.88 -0.10 -0.13 0.63 136 7.37 7.79 1.86 0.09
DXS-26 -0.05 0.80 0.06 -0.43 3.66 -0.14 0.05 0.45 0.96 4.70 6.57 214 0.19
DXS-28 0.11 0.79 -0.63 -0.41 3.64 0.06 0.23 0.49 155 577 7.07 1.06 0.25
DXS-32 -0.22 1.05 0.83 0.05 371 -0.21 -0.40 0.77 0.56 2.56 5.97 219 0.05
mean -0.06 0.88 -0.05 -0.41 3.72 -0.10 -0.06 0.58 111 5.10 6.85 181 0.14
stan dev 0.14 0.12 0.65 0.37 0.11 011 0.27 0.15 0.44 2.02 0.77 0.52 0.09
All of debris avalanche deposit
mean 0.03 0.92 -0.65 -0.63 347 0.01 0.08 0.59 4.05 7.67 5.87 1.21 0.17
stan dev 0.16 0.14 145 1.10 0.45 0.17 0.27 0.13 13.62 15.86 1.59 0.56 0.07
Blast deposit
DXS-5 -0.07 0.91 0.82 0.38 3.16 -0.14 0.02 0.61 0.57 1.82 4.95 1.56 0.15
DXS-18 -0.09 0.77 0.00 -0.56 3.58 -0.16 -0.02 0.47 1.00 5.01 6.94 2.01 0.19
826-4(Cstl) -0.13 0.86 1.23 0.55 3.56 -0.19 -0.10 0.49 0.43 1.98 5.81 243 0.16
mean -0.10 0.85 0.68 0.12 343 -0.16 -0.03 0.52 0.67 294 5.90 2.00 0.17
stan dev 0.03 0.07 0.63 0.60 0.24 0.03 0.06 0.08 0.30 1.80 1.00 0.44 0.02
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Table 4. Distance from source, density, grain-size, and sorting parameters for debris-avalanche and blast deposits--Continued

Sample distsr denco denfld pctgr pctsa pctsi pctcl  pctmu mommn momso fwmd fwmn fwso
Old mountain clastics
DXS-15 0.00 241 2.39 83.95 14.02 1.89 0.14 2.03 -3.65 2.88 -4.14 -3.85 2.82
CsX-1 0.00 2.38 2.39 37.30 54.70 7.60 0.40 8.00 0.18 271 -0.08 0.05 2.68
CXS-2 0.00 2.53 2.39 41.50 47.70 10.04 0.76 10.80 0.10 2.92 -0.41 -0.07 2.87
CXS-3 0.00 244 2.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
mean 0.00 244 2.39 40.69 29.11 4.88 0.32 521 -0.84 213 -1.16 -0.97 2.09
stan dev 0.00 0.06 0.00 34.35 26.30 4.72 0.33 5.04 187 142 2.00 192 1.40
Sample fwsk fwku inmd inmn inso inskl insk2 inku trmd trmn trso trsk trku
Old mountain clastics- Continued
DXS-15 0.23 1.23 -4.14 -3.71 272 0.16 0.54 0.77 17.65 26.72 3.03 0.81 0.17
CSX-1 0.14 0.82 -0.08 0.12 2.79 0.07 0.31 0.52 1.06 2.28 437 0.88 0.26
CXS-2 0.24 0.88 -0.41 0.10 2.92 0.17 0.49 0.59 1.32 247 4.46 0.63 0.27
CXS-3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
mean 0.15 0.73 -1.16 -0.87 211 0.10 0.34 0.47 5.01 7.87 2.96 0.58 0.17
stan dev 0.11 0.52 2.00 1.89 141 0.08 0.24 0.33 8.45 12.62 2.08 0.40 0.13

GRAIN-SIZE ANALYSIS

METHODS

The wide range in particle size in the debris-ava-
lanche deposit required more than just standard sieve and
pipette analyses to properly characterize the deposit.
Because the large clasts (fig. 52) are rare compared to the
smaller sizes, they are not represented in sufficient quan-
tity in the 2- to 4-kg size sample taken for the sieve and
pipette analyses. Therefore, the size distribution of
coarse clasts was approximated by tracing areas of coarse
clasts on photographic prints of the 1-m? windows. The
sample for standard sieve and pipette analysis was taken
from a cylindrical hole dug in a cleared flat area adjacent
to each window.

The largest clast used in the sieve grain-size analyses
was -5¢ (32 mm diameter) because the sample size is not
big enough to accurately represent the distribution of
larger clasts. The mass of aspherical 32 mm clast is39.5
g; it was calculated using the mean laboratory-measured
density of clasts in the debris avalanche, 2.3 g/cm®. The
addition or remova of one 32 mm clast would change
each bar in the histograms of the grain-size distribution

of the 2- to 4-kg samples by <2 percent. The addition or
removal of one clast in the -5¢ to -6¢ (32 to 64 mm diam-
eter) size range would change the distribution by as much
as 315.7 g, as much as 16 percent of the sample.

Anayses of the size distribution of coarse clasts
(larger than -5¢@) from photographic printsrely on an area-
volume, or Delasse, relation. The Delasse relation was
developed for petrographic thin sections by Chayes
(1956). The Delasse relation indicates that "the ratio of
the area occupied by.... [mineral or element] A to the area
occupied by .... the total measurement area .... isaconsis-
tent estimate of the volume percentage of....A in the rock
[or exposure] (Chayes, 1956, p. 13)."

In order to apply the thin section anaogy, the win-
dows were made asflat as possible with ashovel and aflat
trowel. However, it was not possible to dlice through
clasts, and some clasts fell from the window before the
photograph was taken.

The outlines of clasts and of depressions that held
clasts were traced on mylar overlays of 8-by-12-inch pho-
tographic prints of the windows (fig. 50). A stereo pair of
photographs of the windows was examined to help iden-
tify the clasts and depressions. The areas of the clasts and
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Figure51. A, Sand cone used to measure field density of deposit.
Horizontal shelf isdug in exposure and plateislaid flush on shelf.
Cylindrical holein deposit is dug through hole in plate, material
from hole is saved for drying, weighing, and grain-size analysis,
and volume of hole is measured by measuring volume of sand dis-
pensed from plastic cylinder. B, Density of source rocks and
debris-avalanche deposit versus distance from source (0-km values
are old mountain densities).

depressions were measured with an electronic digi-
tizing table.

The Delasse relation indicates that relative percent-
ages of measured areas are equivalent to relative percent-

Figure52. Largest clast found in debris-avalanche deposit, located
adjacent to sample locality DXS-26. Clast isjointed but not shat-

tered. Exposed dimensions of clast: 15 m long by 8 m wide by 6.2
m high.

ages of volumes for a unit without significant imbrication
of ellipsoidal particles (Chayes, 1956). Although imbri-
cation of rubble schlieren is common in the debris-ava
lanche deposit, imbrication of clastsis extremely rare.

Sieve and pipette analyses are computed as weight
percentages, not volume percentages. In order to inte-
grate the data sets, the volume percentages of the coarse
material were converted to weight percentages using the
relation

_ 100p .V,
¢ pcht + pf (100 - Vct)

)

where

W, = weight percent of size class coarser than -5¢

V. = volume percent of size class coarser than -5¢

V = total volume percent of all size classes coarser
than-5¢

P = density of material coarser than -5¢

ps = density of material finer than -5@.

The mean density of the material coarser than -5¢
was measured in the laboratory for each lithologic unit
(table 4). The density of the material finer than -5¢@ in the
photographs includes the void space in the deposit. It is
equivalent to the dry bulk density of the deposit, which
was measured for each window (table 4). After conver-
sion to weight percentages, the data for the coarse clasts
were integrated with the data from the sieve and pipette
analyses to produce table 5.
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Table5. Grain-sizedatain phi (@) units for debris-avalanche and blast deposits

[Sampleslocated on plate 4. Resultsin percent. Material coarser than -5¢ analyzed by computation of areas of clastson 1-m? windows (seetext); material finer
than -5¢ analyzed by standard sieve and pipette techniques. “without coarse fraction” indicates that data include only sieved and pipetted fraction (material
finer than -5¢). Sprt, at Spirit Lake; Cold, at Coldwater Lake; Cstl, at Castle Lake; stan dev, standard deviation]

Sample -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 14
Older dacite unit
DXS-2 000 614 732 6.01 1024 1303 922 711 719 6.7/ 685 6.09 575 298 224 182 050 000 0.75
DXS4 0.00 000 201 180 1023 932 729 658 942 840 1327 1195 840 386 272 227 147 011 091
DXS-6 000 153 386 214 139 1045 16.83 16.46 13.78 1193 943 583 277 166 097 051 007 004 036
DXS-20 0.00 000 000 174 0.69 344 580 1032 1435 1366 12.87 1071 9.04 574 470 365 070 035 226
DXS-21 000 383 362 338 874 704 660 731 910 981 1034 954 874 406 299 239 119 012 119
DXS-22 000 305 559 684 566 1200 888 659 795 761 837 761 752 469 309 222 123 012 099
DXS-24 0.00 000 000 014 020 300 1028 9.19 1108 19.87 1508 1148 7.89 448 330 188 047 012 153

825-3(Sprt) 000 284 286 307 000 328 684 493 6.66 940 1277 1286 1332 487 656 508 127 021 317
827-3(Sprt) 0.00 000 000 0.00 360 690 640 710 1310 1340 1230 11.10 1060 527 49 326 016 016 171
MS-10(Cold) 0.00 0.00 0.00 0.00 4.00 850 850 940 10.60 11.30 1320 1210 860 511 373 3.04 041 028 124
826-3(Cstl) 0.00 0.00 000 0.00 928 1034 896 938 949 1098 1237 1098 842 363 284 206 039 010 0.79

mean 000 158 230 228 491 7.94 89 858 1025 11.19 1153 1002 828 421 346 256 071 015 135
stan dev 000 211 259 239 412 353 304 307 261 364 247 245 263 116 150 118 049 010 079
Andesite and basalt unit
DXS11 000 189 108 109 1590 1162 877 899 1327 1316 932 6.14 417 249 129 051 009 0.09 014
DXS13 000 000 365 421 903 827 979 628 1094 13.03 14.17 9.03 533 239 169 138 006 0.13 063
DXS-14 000 000 064 216 948 1227 1227 11.23 1113 11.23 1103 7.73 453 252 182 132 006 0.06 050
DXS-16 000 163 448 458 1570 1256 900 890 7.9 701 681 649 607 405 237 123 035 018 062
DXS-23 000 000 165 833 6.60 9.67 1097 1358 11.81 911 986 7.63 512 306 148 068 017 0.00 028
DXS-25 000 649 694 576 1462 11.38 11.03 893 858 814 657 385 298 180 123 109 010 0.00 052
DXS-27 000 153 234 437 239 449 612 659 984 11.28 1386 1329 1090 507 325 247 026 013 1.82
DXS-38 000 573 118 332 929 9.00 733 1193 1496 1007 831 685 528 297 189 101 014 0.07 068

825-5(Sprt) 000 437 233 766 1919 1644 109 814 711 719 7.02 514 283 104 033 008 003 002 013
827-2(Sprt) 0.00 833 1271 129 2034 1118 6.78 599 6.61 705 6.69 476 361 187 135 084 009 0.00 051
MS9(Cold) 000 724 503 320 845 1054 7.09 636 718 891 1063 800 636 396 28 253 022 022 121

mean 000 338 382 418 1191 1067 910 881 994 965 948 7.17 520 284 178 119 014 008 064
stan dev 000 314 353 236 560 298 207 253 273 228 275 254 222 116 081 075 010 008 049
Modern dacite unit
DXS-3 764 29 692 874 1103 1016 788 567 591 717 835 575 441 252 207 148 030 0.07 0.9
DXS-12 0.00 3873 2142 1691 382 498 384 265 219 158 121 091 067 042 031 022 007 001 008
DXS-19 0.00 0.00 103 401 1430 1546 1081 802 6.28 558 848 1104 674 330 206 173 041 0.08 0.66

MS-1(Cold) 000 179 251 395 957 1310 889 820 820 889 935 798 672 346 282 238 054 011 152

mean 191 1087 7.97 840 9.68 1093 7.86 6.14 564 581 685 642 463 242 181 145 033 007 081
stan dev 382 1861 931 6.10 438 452 294 259 251 312 378 427 28 140 106 091 020 004 0.60
Modern undifferentiated unit
DXS-17 0.00 0.00 282 424 1360 15.76 10.82 824 577 474 618 711 742 625 359 239 027 013 0.66

826-2(Cstl) 000 000 355 206 11.03 890 903 890 1028 10.15 1003 877 752 411 303 127 039 020 0.78
827-6(Cstl) 943 000 231 081 862 1088 831 636 6.67 883 1047 975 801 391 315 115 038 010 0.86
827-7(Cstl) 000 000 518 113 1284 1156 862 657 666 813 970 921 784 339 439 301 038 025 113

mean 236 000 346 206 1152 11.78 919 752 734 796 910 871 770 441 354 19 035 017 086
stan dev 472 000 125 155 222 289 112 125 200 231 197 114 027 126 062 090 006 0.07 020
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Table5. Grain-size datain phi (¢) units for debris-avalanche and blast deposits--Continued

Sample -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 14
Mixed block and matrix facies unit
DXS1 000 422 205 133 1053 998 748 730 748 758 998 998 850 394 435 312 09 014 109
DXS-8 000 000 122 237 973 940 951 930 962 10.16 11.67 1243 735 297 188 152 014 007 0.65
DXS-29 0.00 455 379 185 1357 972 799 645 7.60 1001 1097 799 626 314 240 203 009 018 1.39
DXS-30 0.00 142 387 057 744 1224 894 6.78 9.04 1271 11.20 866 650 383 287 245 011 021 117
DXS-31 000 000 119 287 710 739 806 911 9.69 1123 1458 1190 758 372 233 18 019 0.09 112
DXS-33 0.00 468 393 420 653 984 838 877 925 994 1062 964 584 310 226 159 067 000 0.75
DXS-34 0.00 000 160 219 1010 791 879 637 988 1263 1208 966 681 431 287 239 084 000 156
DXS-35 0.00 449 228 394 1340 1147 829 7.16 738 806 10.00 10.00 613 295 170 140 059 000 074
DXS-36 000 000 431 392 773 792 680 839 1016 1034 12.02 12.67 857 330 179 122 022 0.07 057
DXS-37 000 000 304 162 873 721 701 772 1076 1188 1229 954 741 409 320 307 026 026 192
mean 000 194 273 249 949 931 813 7.74 9.09 1045 1154 1025 7.09 354 257 207 041 010 110
stan dev 000 224 120 123 249 170 085 109 120 173 135 158 095 050 0.80 067 032 009 044
Marginal mixed block and matrix facies unit
DXS9 000 656 436 340 936 858 692 692 721 838 1257 936 682 363 248 220 029 010 0.86
DXS-26 0.00 000 134 471 1168 893 7.76 628 864 1129 1198 933 7.17 414 294 207 087 011 0.76
DXS-28 000 000 234 360 1307 11.85 11.76 508 6.87 828 1082 837 677 403 325 235 056 000 101
DXS-32 000 597 304 192 334 632 650 715 817 929 1263 1245 9.01 554 398 256 043 014 156
mean 000 313 277 341 936 892 824 636 772 931 1200 988 744 434 316 230 054 009 105
stan dev 000 363 127 115 430 227 241 093 082 140 084 178 106 083 063 021 025 0.06 0.36
All debris avalanche samples
mean 039 295 344 344 914 964 859 792 9.00 969 1042 890 678 358 267 193 042 011 0.99
stan dev 181 6.07 367 299 476 310 215 233 254 292 270 268 232 121 121 097 036 0.09 059
All debris avalanche samples without coarse fraction
mean 0.00 000 000 0.00 1046 11.04 972 887 997 1066 1144 975 744 394 293 211 046 012 109
stan dev 0.00 0.00 000 000 561 392 248 234 226 251 237 249 228 118 123 100 039 0.09 0.62
Blast deposit above debris avalanche
DXS5 000 000 1.09 142 449 712 907 956 946 956 1092 1511 9.65 440 327 302 050 0.00 138
DXS-18 0.00 000 234 486 1096 947 797 648 7.87 907 1136 1336 7.28 359 197 188 045 009 0.99
826-4(Cstl) 0.00 000 322 083 311 922 829 601 7.8 881 1244 1285 1078 464 464 398 083 017 232
mean 0.00 000 222 237 619 860 844 735 840 915 1157 1377 924 421 329 29 059 0.09 156
stan dev 000 000 1.07 218 419 129 057 193 092 038 078 119 179 055 134 105 021 0.09 0.68
Old mountain clastics (older dacite)
DXS-15 0.00 10.07 1042 11.78 21.13 1531 941 582 461 339 271 203 129 098 053 028 010 002 012
CXS1 0.00 000 000 0.00 240 860 1610 1020 1390 10.80 11.10 11.80 7.10 296 272 168 024 016 024
CXS-2 0.00 000 000 0.00 280 10.60 1540 12.70 1380 990 880 9.80 540 356 324 302 022 032 043
mean 0.00 336 347 393 878 1150 13.64 957 1077 803 754 788 460 250 216 166 019 017 0.6
stan dev 0.00 581 602 680 1070 345 368 348 533 404 434 516 299 135 144 137 008 015 0.16
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66 Rockslide-Debris Avalanche of May 18, 1980, Mount St. Helens volcano, Washington




O

BLAST DEPOSIT

GRAIN ABUNDANCE,
IN WEIGHT PERCENT

T T T T T T T
Castle Lake _|

—
phi 8 6 4 -2 0 2 4 6 8 oo -8 -6 -4
mm256 64 16 4 1 .25 .063.016.004 0 256 64 16
GRAIN SIZE

15— — - - =
10 - - - -
5 - - + —
0l 1 1 Co 1 ]

2 0 2 4 6 8 8 6 4 -2 0 2 4 6 8
4 1 .25 063.016 004 O 256 64 16 4 1 .25 .063.016 .004 0

GRAIN SIZE GRAIN SIZE
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RESULTS

GENERAL STATEMENT

The results of the grain-size analyses were plotted as
histograms and as cumulative normal probability plots
and cumulative Rosin-law plots. Various standard grain-
Size statistics were calculated using a computer program,
and they were plotted in different ways. In order to make
comparisons with statistics used by various geologists
and engineers, graphically determined values computed
by the methods of Folk and Ward (1957), Inman (1952),
and Trask (1930) are included in table 4. The Folk and
Ward and Inman values for mean, median, and sorting are
intended to approximate values determined by the
method of moments (Folk, 1974), in which every grain-
sizeinterval affectsthe results. For theirregular distribu-
tions of sizesthat aretypical of the debris-avalanche sam-
ples, moment statistics are much better measures (Folk,
1974) than graphically derived statistics, which are cal cu-
lated from only afew percentage lines and the grain-sizes
are assumed to be approximately normally distributed.

DISTRIBUTION PLOTS

The grain-size distribution of individual samples was
plotted on histograms (fig. 53), on cumulative plots (fig.
54), and on Rosin-law plots (fig. 54). Each type of plot
illustrates several features characteristic of the debris-
avalanche deposit.

Grain-size distributions are of three genera types.
Most are bimodal (fig. 53A); the fine-grained peak in the
histogram is between -1¢ and 3¢ (peaks in the larger than
-5¢ categories are ignored because of the inherent inaccu-
racies of the measurement of the coarse clasts) and the
maxima of this peak generally lies between Og and 2¢.
Most of the rest are type 1 unimodal samples (fig. 53B)
with the same peak and a few are type 2 unimodal sam-
ples (fig. 53C) with a coarser peak (maximum valuein a
size class coarser than -2¢).

The -1@ to 3¢ peaksin al of the bimodal histograms
and in thefirst type of unimodal histograms are probably
the result of the size of the plagioclase, amphibole, and
pyroxene phenocrysts in the source rocks. Many authors
have noted the concentration of crystalsin this size range
in sieved samples of volcaniclastic deposits of intermedi-
ate and silicic composition from different parts of the
world (for example, Walker and Croasdale, 1971; Koba-
yashi and others, 1983; Sparks, 1976; Smith and Roobol,
1982). This concentration of crystals produces a peak in
the published histograms of these samples because frag-
ments just larger than -1¢ consist of more than one crys-
tal or acrystal and glass, and they are more easily broken
than individual crystals (Davies and others, 1978).
Although arigorous analysis of the crystal sizein Mount
St. Helens rocks was not undertaken, a cursory examina:
tion of thin sections and hand specimens (figs. 5, 6, and
9) of Mount St. Helens' rocks indicates that this concen-
tration is also present in rocks of the debris avalanche.

The histograms also show graphically the paucity of
material in the very fine silt to coarse clay range, 7@ to 9¢
(2to 8 um). The lack of material in this size range (aver-
aging 0.42 percent of the sample for 7¢ to 8¢ and 0.11
percent for 8¢ to 9¢, compared to 1.93 percent for 6¢ to
7@ and 0.99 percent finer than 9¢) may be only apparent,
since it may result from the compression of all size frac-
tionsfiner than 9@into one bar of the histogram. Itisalso
possible that the lack of the material in the 7@ to 9¢ range
may result from the breakdown of the 2 to 8 um material
to less than 2 pm-size material by hydrothermal alter-
ation, from agglomerations of particles not dispersed by
the standard dispersant used in pipetting, or from other
inaccuracies in the pipetting technique.

CUMULATIVE PLOTS

Cumulative probability plots of samples of the
debris-avalanche deposit graphically illustrate the confor-
mity of the grain-size distributions to a normal distribu-
tion, and cumulative Rosin-law plots of the grain-size
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Figure 54. Cumulative probability (solid line) and Rosin-law (dashed line) plots of samplesfrom
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distributions of samples test the conformity of the distri-
butions to Rosin's law of crushing. Sediments from one
source material that have been sorted by a single sorting
mechanism generally plot as the normal distribution
(Folk, 1966). Rosin'slaw isamathematical function that
describes the grain-size distribution of a number of dif-
ferent artificial products such as broken coal and cement,
and Kittleman (1964) showed that it also applies to the
grain-size distributions of granite scree and broken
hydrothermal quartz. A straight line on a cumulative
probability plot indicates a normal distribution, but a
straight line on a Rosin-law plot indicates that a sample
follows the Rosin-law distribution.

There are significant bends in nearly al the plots of
both types (fig. 54) that indicate departures from both the
normal and Rosin-law distributions. Most of the samples
have bends at -4¢ to -5¢; these bends indicate the change
in method of analysis from photographs to sieves. Many
samples also have a bend at 4¢; these bends indicate the
change from sieve to pipette analysis. Many of the plots
have bends at 7¢ that indicate the relative paucity of
materia in the size range of 2 to 8 um (7¢ to 9¢). The
bends in the plots between 2¢ and -3¢ result from the
bimodal nature of many of the distributions.

Murai (1961) suggested that detailed studies of "dry
mudflow" (large volcanic debris avalanche) deposit
would show that their grain-size distributions closely
conform to the Rosin-law distribution. The data from
this detailed study suggest otherwise. In nearly every
sample, the distribution curves plot closer to a straight
line on the normal probability plot than on the Rosin-law
plot (fig. 54). For all the samples, the Rosin-law curve
shows a concave upward trend, generaly both overall
and between the bends discussed in the preceding para
graph.

Plots of the distributions of the type 2 unimodal sam-
ples, those that have their peak in a size class coarser than
-2¢, more closely approximate a straight line on the
Rosin-law plot (fig. 54C) than the Rosin-law plots of the

other types of samples (fig. 54A and 54B). However, even
type 2 unimodal samples plot closer to a straight line on
the normal plot than on the Rosin-law distribution.

The second type of unimodal samples are in the mod-
ern dacite and the andesite and basalt units, the coarsest
units in the debris-avalanche deposit (table 5). The
coarseness of the units probably explains the absence of a
-1¢ to 3@ peak; indeed there is a bump but not a peak on
the histograms from DXS-14 and DXS-25 between -1¢
and 3¢. The missing peak is probably the reason that
these samples come the closest to approximating a Rosin-
law distribution in the debris-avalanche deposit.

STATISTICAL PARAMETERS

Median grain diameter (Md) plotted against Inman
sorting coefficient (o) is commonly used to discriminate
between different types of volcaniclastic deposits
(Walker, 1971; Fisher and Schmincke, 1984). The debris
avalanche has Inman sorting values (2.17¢-4.19¢) compa-
rable to those of pyroclastic flow deposits analyzed by
Walker (1971). Although there is considerable overlap in
the values of Md,, between the fields for the debris-avar
lanche deposit and pyroclastic flow deposits, the data
show that the Mount St. Helens' debris-avalanche deposit
generally has coarser values of median grain size than do
pyroclastic flow deposits (although some of Walker's sam-
ples probably do not include material too coarse to sieve)
but has roughly the same sorting vaues (fig. 55). Com-
paring my debris-avalanche data with tabular data for
lahars compiled by Fisher and Schmincke (1984) shows
that many samples from the debris avalanche are better
sorted than the samples from lahars; this difference in
sorting probably indicates that many debris avalanche
samples are derived from well-sorted volcaniclastic mate-
rials. Samples from the debris avalanche also are gener-
ally better sorted and finer grained than samples from the
lahars on the southwest flank of Mount St. Helens that
were studied by Major and Voight (1986); the difference

71



N

N

SORTING COEFFICIENT,
IN PHI UNITS

--++ 1 percent of pyroclastic flows outside this line
— 8 percent of pyroclastic flows outside this line

0 | | | |

-4 -2 0 2 4 6
MEDIAN GRAIN DIAMETER, IN PHI UNITS

Figure 55. Median diameter versus sorting coefficient. Field for
pyroclastic flow from Walker (1971). Field from Walker does not
include material too coarse to sieve.

probably indicates that the debris avalanche samples
were shattered during transport and that many samples
were derived from well-sorted vol caniclastic materials.

A ternary diagram (fig. 56) of gravel, sand, and mud
(silt+clay) graphically shows the range of grain-size dis-
tributions in the debris-avalanche deposit. Gravel ranges
from 22.0 to 92.3 weight percent and has a mean of 45.5
percent; the extreme value represents an intact platy-
jointed dome breccia (DXS-12; figs. 34 and 50). Sand
ranges from 6.6 to 65.4 percent and has a mean of 44.8
percent. Mud ranges from 1.1 to 21.2 percent and has a
mean of 9.7 percent. Fields of the various map units
show considerable overlap. The mixed block and matrix
facies unit, not surprisingly, lacks the extreme values of
the other units.

Fisher and Schmincke (1984) plot the preliminary
data for the debris-avalanche deposit from Voight and
others (1981) on a triangular plot of sand, silt, and clay.
Plotting only the size fractions smaller than gravel elimi-
nates the uncertainties involved with material too coarse
to sieve. The datafrom this report (fig. 56) show signifi-
cantly less clay than the preliminary data; the difference
is probably because the preliminary data were generated
by the hydrometer technique, which is less accurate than
the pipette analysis used in this report (Folk, 1974;
Wayne Steuben, U.S. Geological Survey, oral commun.,
1984). These data should not be compared to the field of
the Mount St. Helens' blast deposit plotted on Fisher and
Schmincke's figure 11-5, because the blast deposit data,
obtained from Voight and others (1981), were from sam-
ples of the uppermost part of the blast deposit (upper A2
of Waitt, 1981), which is atypical of most of the blast
deposit.

Gravel

Sand v Mud
50
EXPLANATION
@ Older dacite unit
a Andesite and basalt unit
+ Modern dacite unit

% Modern undifferentiated unit
* Mixed block and matrix facies unit
® Mixed block and matrix facies in marginal unit

Figure56. Triangular plot of percentages of gravel, sand, and mud
for samplesin debris-avalanche deposit.

LATERAL VARATIONS OF STATISTICAL PARAMETERS

Measurements of median diameter( Md,) and mean
diameter computed by method of moments (Mny,,) are
the average size of the clasts in each sample. As shown
in figure 57, these parameters are highly variable near the
source, but at more than 20 km from the source, mean
diameter and median diameter values cluster around the
mean values for the whole deposit for each parameter, -
0.65¢ and -0.54¢.

Other size parameters were plotted against distance
from source to detect systematic trends. Percentages of
gravel, sand, and mud (silt+clay; material finer than 4¢)
are plotted against distance from source (fig. 58). As
with mean and median values, there is great variability
close to the source, and in the distal parts of the deposit
the percentages of gravel, sand, and mud cluster about
mean values (45.5 percent, 44.8 percent, and 9.7 percent,
respectively).

Each map unit that consists entirely of block facies
has a distinct field of values on the grain-size plots (figs.
57 and 58). The grain-size within the blocks reflects the
values of the original material on the mountain, although
the shattering has reduced the sizes of the larger clasts.
The finer grained debris-avalanche blocks (for example,
older dacite windows 825-3 and DXS-20; fig. 50) proba-
bly were fine-grained tephra or material that was thor-
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Figure 57. Computed size parameters versus distance from
source. Plots do not include anomalously coarse-grained DXS-12
(fig. 34). A, Median grain diameter, measured in phi units, versus
distance from source. B, Mean grain diameter computed by
method of moments, measured in phi units, versus distance from
source.

oughly hydrothermally altered on the origina mountain.
The coarser debris-avalanche blocks (for example, win-
dows DXS-12, 827-2; fig. 50) are interpreted to originate
from coarse-grained volcaniclastic deposits, lava flows,
or domes. However, it is apparent from comparisons of
exposures inside the crater with the windows in the
deposit (fig. 50) that shattering has significantly reduced
the number of clastsin the deposit larger than -5@.

If a significant quantity of clasts were fractured dur-
ing transport, the deposit should become finer grained in
distal areas. This would be expressed by progressive
decreases in Mdy, Mnp,,, and percentages of gravel, and
by progressive increases in percentages of sand and mud.
The absence of these trends indicates that fracturing of
clasts did not occur progressively during transport. This
isinterpreted to mean that fracturing of large clasts of the
old mountain occurred mainly at the source, as is aso
suggested by the density data. Clast-to-clast collisions
that resulted in fracturing surely did occur during trans-
port, but not enough of this occurred to significantly affect
the grain-size distribution within the debris-avalanche
deposit.

Information from grain-size data confirms the conclu-
sions reached by study of the windows. The clustering of
data about the mean for al the grain-size parameters in
the distal areas suggests that much of the matrix facies
material of the distal areas formed by disaggregation and
mixing of debris-avalanche blocks of different grain-size
characteristics. Converging grain-size trends suggest that
this occurred during the flow of the debris avalanche.
However, there are no blocks of juvenile dacite in the ava-
lanche deposit, so the presence of clasts of juvenile mate-
rial in the matrix facies in the distal areas (table 3)
indicates that a process other than disaggregation and
mixing also contributed to the production of matrix
facies. This process was probably the explosions of the
cryptodome (the blast) bursting through dlide blocks 11
and I11; it ismore fully described in "Conclusions".

Sorting parameters also suggest disaggregation and
mixing of debris-avalanche blocks. A plot of sorting
coefficient o, (standard deviation computed by the
method of moments) related to distance from source (fig.
59) shows that the deposit does not get systematically bet-
ter or more poorly sorted with distance from source. The
sorting values range from 2.66 to 4.13 within 20 km of the
source and approach a mean of 3.47 more than 20 km
from the source athough the trend is not so pronounced
asinfigures 57 and 58.

CONCLUSIONS

The geology of the old mountain as mapped by C.A.
Hopson (written commun., 1980) and the distribution of
the map units within the debris avalanche enable interpre-
tations to be made of the resting places of the various
parts of the old mountain that were mobilized during the
eruption. These interpretations are revised substantially
from those of Voight and others (1981, 1983); their inter-
pretations were made without the benefit of a lithologic
map. The morphologic and lithologic maps (pls. 3 and 4;
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distance from source.

fig. 60) help in the construction of an interpretation of the
initial events of the eruption, an interpretation based pri-
marily on a study of eyewitness photographs. In addi-
tion, evidence from the texture and morphology of the
deposit enables interpretations of how the volcano broke
into the slide blocks of the rockslide, broke into smaller
debris-avalanche blocks, moved down the valley as a
flowing debris avalanche, and was finaly deposited (fig.
61). Mathematical modeling is not attempted here; inter-
pretations are made by drawing inferences directly from
the field and |aboratory data.

SLIDE AND BLAST EVENTS

SLIDE BLOCK |

The initiadl movement of the rockslide-debris ava
lancheisinterpreted as a series of retrogressive slope fail-
ures (Voight and others, 1983) based on examination of
eyewitness photographs (Voight, 1981). The first failure
of the series, called slide block I, began to slide north-
ward from the summit of the mountain about 10 s after
the 8:32.2 am. earthquake on May 18 (Voight and others,
1983). On the basis of an analysis of photographs (Voi-
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Figure 59. Sorting coefficient computed by method of moments,
mesasured in phi units, versus distance from source.

ght, 1981), the dlide block reached a maximum velocity
of about 80 m/s.

Slide block | represents about 32 percent of the vol-
ume of the total rockslide. Forty-two percent of the slide
block was andesite and basalt (table 2). The andesite and
basalt unit was underlain by older dacite (52 percent of
the volume of the dlide block) and was intruded by mod-
ern dacite (6 percent of the volume of the slide block).

The debris-avalanche deposit on and adjacent to
Johnston Ridge (the Johnston Ridge unit of morphologic
map; pl. 3) isinterpreted (figs. 60 and 62) to have formed
from slide block 1. The deposit, which is composed pri-
marily of andesite and basalt (fig. 60), sharply overlies
older dacite at or near the base of Johnston Ridge. This
composition is consistent with the composition of dide
block I. The sharp contacts between the two units com-
monly show evidence that they are original volcanic con-
tacts. Although the side block was shattered, much of it
apparently slid into position without tumbling, preserving
the andesite and basalt/older dacite contact at the bottom
of theridge.

A velocity of 50 to 70 m/s was calculated for the
velocity of the moving material at the bottom of Johnston
Ridge (Glicken and others, 1981; Voight and others,
1983); the value is based on the height the debris traveled
up the ridge. These velocities were calculated from the
relation v:(Zgh)llz, where h is runup height. The range
of velocities results from uncertainty regarding the runup
height, and the velocities represent minimum values
because the method does not consider frictional dissipa
tion of the slide block's kinetic energy.

Some of dlide block | was deposited in Spirit Lake;
0.43 km? of material (Meyer and Carpenter, 1982) moved
into Spirit Lake and caused a seiche that resulted in lake
runup of 260 m. The clear path from the mountain to the
lake, the andesite and basalt composition of the hum-
mocks adjacent to the lake (fig. 60; pl. 4), and the rela-
tions of the scour caused by lake runup to the deposits of
the pyroclastic current of the lateral blast (R.B. Waitt,
U.S. Geologica Survey, written commun., 1985)
strongly suggest that much of the debris-avalanche
deposit in Spirit Lake is from slide block |. Because the
water from the lake did not flow down the North Fork
Toutle River, the lake must have been dammed immedi-
ately by the debris avalanche. This provides further evi-
dence that the Johnston Ridge unit, which dams Spirit
Lake, was part of dide block .

Other parts of slide block | made a 90" left turn and
traveled down the North Fork Toutle River valey. This
material was broken into smaller blocks and became a
flow of debris-avaanche blocks. The abundance of
andesite, basalt, and modern dacite in the marginal unit
and in the levees at the junction of the North Fork Toutle
River valley with Coldwater Creek, Maratta Creek, and
the area between Studebaker and Castle Creeks identifies
them as parts of dlide block I. The andesite, basalt, and
modern dacite are the top part of slide block I; the core of
dlide block | is primarily older dacite (fig. 2). The distri-
bution of rock types suggests that the top part of slide
block | was pushed from behind and aside by material
from the lower part of slide block I, aswell as by material
from subsequent slide blocks, and deposited on the mar-
gins of thevalley. A similar process of deposition, where
material at the front of aflow is pushed to the sides of the
flow by material from behind, is commonly observed
during the flow of small, coarse-grained debris flows
(Sharp, 1942), and during flow of large-scale experimen-
tal debris flows (Major, 1996).

SLIDE BLOCK Il AND BLAST SURGE

The cryptodome and its surrounding hydrothermal
system were unroofed by the first dlide block, and the
resulting rapid depressurization resulted in the initial
explosions of the lateral blast (Kieffer, 1981). Mean-
while, retrogressive failure continued; eyewitness photo-
graphs show that a dlip surface formed just behind the
summit crater and propagated downward, forming the
base of the mass called dide block Il. The initial blast
explosions burst through slide block 11 and produced a
pyroclastic surge (the "blast surge" of Fisher and others,
1987) that quickly overran the first dide block, devas-
tated the landscape in front of the moving dide, and
deposited the stratified pyroclastic material known as the
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SCHEMATIC REPRESENTATION

PROCESS

EVIDENCE

At mountain

Rockslide-slide block I.

Slide blocks Il and Ill-blast.

Dilation, clasts shatter.

Eyewitnesses,
seismic record.

Density measurements.

TRANSITION TO DEBRIS-AVALANCHE FLOW

During debris-avalanche flow

blocks.

miX.

Blocks break into smaller

Blocks disaggregate and

Mapping,

block measurements

Clast size, exposures.

Figure 61. Summary of processes involved in transport of rockslide-debris avalanche.

blast deposit over ridges and valleys across an area of 550
km? (Hoblitt and others, 1981).

Theinitial velocity of the front of the blast surge was
calculated from timed photographs to be 90 m/s (Moore
and Rice, 1984), approximately the sonic velocity of the
material (Kieffer, 1981). Modeling by Kieffer (1981)
suggests that the velocity of the material may have
reached a maximum of 325 m/s due to lateral expansion.
Because the surge was supersonic, it was not deflected
much by topography in the "channelized blast zone",
within 11 km north of the crater (Kieffer, 1981).

Slide block 11 is 56 percent older dacite, 25 percent
modern dacite, 11 percent andesite and basalt, and 8 per-
cent cryptodome dacite. Part of slide block Il became
part of the blast surge, but because the blast surge deposit
has a bulk volume of 0.2 km® (Moore and Sisson, 1981)
no more than 27 percent of the 0.75 km?® slide block
(table 3) is present in the blast surge deposit. The balance
must have been deposited in Spirit Lake, in the North
Fork Toutle River valley, or in South Coldwater Creek.

Moore and Rice (1984) propose that theinitial explo-
sions visible on many photographs were smaller than a
discrete explosion that occurred near Spirit Lake at
approximately 8:34.3 am. They base their interpretation
on Department of Defense satellite data that show intense
emissions of heat between 8:33.3 and 8:34.4 am., on the

pattern of tree blowdown and blast surge deposition that
emanates from the area north of the crater, and on photo-
graphs from east of the mountain that show that a cloud of
pyroclastic material rose from the area near Spirit Lake at
about 8:34.3 am. However, both the pattern of tree blow-
down and the heat emission can be explained by Kieffer's
(1981, aso oral commun., 1984) model of the blast surge
as a single, expanding supersonic flow of pyroclastic
debris. The cloud of pyroclastic material rising from near
Spirit Lake may have resulted in part from continuing
explosions of the cryptodome as it moved down the
mountain in slide block 11, but Sisson (1982, 1995) sug-
geststhat it isprimarily a cloud of elutriate that devel oped
from the thick blast deposits in the Spirit Lake and South
Coldwater Creek areas. As dl the evidence presented to
support the model of Moore and Rice is ambiguous, and
thereisnothing in the geology of the depositsin the North
Fork Toutle River to support their idea, it is not adopted
for thiswork.

SLIDE BLOCK 111

The blast explosions produced a cloud of pyroclas-
tic debris that obscured the north part of the mountain
about 1 minute after the initial earthquake (Voight, 1981).
No more slope movements are observed in eyewitness
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Figure 62. Oblique aerial photograph, looking west from Spirit Lake. Arrows show interpreted paths of slide blocks. Dotted line
shows trace of dide block |11, deposited first, and slide block 11, deposited over slide block 111 material. Photograph by Austin Post,

U.S. Geological Survey, June 4, 1980.

photographs after thistime. Moore and Rice (1984) state
that a major collapse of the south crater rim occurred at
8:33.4 am., but their inference is based only on a change
in the morphology of the eruption cloud observed on a
videotape (S.G. Malone, University of Washington, writ-
ten commun., 1984). However, explosions resulting from
the depressurization of parts of the cryptodome were
observed to continue, possibly as new parts of the
cryptodome were exposed by continuing mass move-
ments.

These continuing mass movements are collectively
caled dide block 111. Slide block Il consisted of many
discrete failures; it is likely that the blocks of material
from these failures were, at least in part, transported by
pyroclastic currents that were generated from the con-
tinuing blast explosions.

After the explosively generated pyroclastic currents
and debris-avalanche blocks of slide block 111 moved out
of the crater and down the north flank, they were strongly
deflected by topography, resulting in velocities that were
less than sonic (Kieffer, 1981) and were considerably
slower than the initial blast surge. Depressurization of

the cryptodome continued, but the change in character of
the pyroclastic current generated from the depressuriza-
tion suggests that material was erupted at a slower veloc-
ity and a a lower rate than at the start of the blast
explosions.

Some of the slide block 111 material may have moved
into Spirit Lake to become part of the 0.43 km?3 of mate-
rial filling Spirit Lake, and some may have moved over
passes on Johnston Ridge (Fisher and others, 1987),
depositing as the 0.06 km?® of mixed block and matrix
facies unit ("avalanche I1" of Fisher and others, 1987) in
South Coldwater Creek, but most of the 1.3-km® dlide
block flowed down the valley of the North Fork Toutle
River. Some of the debris-avalanche blocks were depos-
ited as lithologic units of the block facies that are mapped
east of the break-in-slope west of Maratta Creek, and
some of the pyroclastic currents were deposited as matrix
facies (which contains juvenile material) east of the
break-in-slope. The balance of the material from dide
block Il was deposited as the mixed block and matrix
facies unit west of the break-in-slope near Maratta Creek.
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EXPLANATION

Matrix facies--Consists of mixed debris-avalanche blocks and juvenile
dacite-rich material from blast explosions in slide block IlI.

Block facies--Consists of debris-avalanche blocks from slide blocks

Il and 1.

Jemm. . Debris-avalanche block grades into matrix facies.

Figure 63. Schematic cross sectional diagram showing flow of debris-avalanche blocks and the production of matrix facies
from disaggregation and mixing of debris-avalanche blocks and from the pyroclastic current generated from blast explosions

of dide block I11.

The time of deposition and the composition of the
mixed block and matrix facies material of the western
part of the debris avalanche (fig. 60) are consistent with
anorigin from slide block I11. Stratigraphic relations (see
"Geologic Maps of the Deposit"; fig. 37) indicate that the
bulk of the mixed block and matrix facies material of the
western part of the debris-avalanche deposit traveled over
the top of the flow of debris-avalanche blocks of the east-
ern part of the debris avalanche, and it was thus the last
avalanche materia to be deposited. The juvenile clasts
and the mixed character of the material suggest that the
matrix facies represents, at least in part, the deposit of
pyroclastic currents generated from the blast explosions
that likely originated from slide block 111 (fig. 63). The
matrix facies carried, and is interconvoluted with, debris-
avalanche blocks that probably originated from dide
block I11. The 1.3-km?® volume of the slide block (table
3) is more than enough to account for the 0.5-km?® vol-
ume of the mixed block and matrix facies in the western
part of the deposit.

Some of the material of the western part of the
debris-avalanche deposit may have originated from slide
block 1. Disaggregation and mixing of debris-avalanche
blocks from dlide block 11 (in the flow of debrisava
lanche blocks of the eastern part of the avalanche deposit)
likely created matrix facies. This matrix facies probably
mixed with juvenile dacite-rich matrix facies derived
from the blast explosions of slide block 111, and nearly al
the matrix facies flowed to the western part of the ava-

lanche deposit (fig. 63). The blast explosions of dide
block Il probably generated only a minor proportion of
the juvenile-dacite-rich matrix facies because most of the
dlide block 11 explosions are observed in the photographs
forming the blast surge that spread over the ridges and
felled trees to the north of the mountain.

FINAL EVENTS

After nearly all the material from dlide block Il
moved out of the crater and down the flank of the moun-
tain, the magma continued to depressurize. The depres-
surizing magma produced blast pyroclastic currents.
These currents traveled down the North Fork Toutle River
valley and were deposited as blast deposits that rest on
top of the avalanche in the 10 km of the valley west of the
Pumice Pond (figs. 39 and 41). These currents, generated
from the final depressurization, were strongly deflected
by topography, as they were not able to surmount Spirit
Lake Blockage or Johnston Ridge. Thus, they were sub-
sonic (Kieffer, 1981), much slower than the initial blast
surge.

The good morphologic and stratigraphic evidence
that suggests that the bulk of these blast deposits were
deposited after the avalanche 10 km west of Pumice Pond
came to rest indicates that the blast explosions (the
depressurization of the remaining parts of the
cryptodome) continued to generate pyroclastic currents
for at least 3 to 4 minutes after the beginning of rockslide
and blast events. Deposition of the entire debris ava
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lanche took about 10 minutes; this time period is based
on the length of time the seismic record was saturated by
an earthquake generated from the transport of the ava
lanche (Voight and others, 1983). However, parts of the
avalanche deposit 10 km west of Pumice Pond were
likely deposited within about 3 to 4 minutes of the trigger
earthquake; this time period is based on calculations of
the velocity of the debris avalanche material (Voight and
others, 1983).

Some of the proximal unit of the debris-avalanche
deposit that fills the bottom of the crater is not covered by
blast deposits. It may be younger than the final blast
explosions, or the blast deposits may have been eroded
away by the pyroclastic flows of May 18. The unstable
walls of the newly formed crater probably slumped to
form the proximal unit in the crater. The slumping may
have continued throughout the morning of May 18. The
crater-fill materia is covered by pyroclastic-flow deposits
of the afternoon of May 18.

WATER BUDGET

Mount St. Helens receives about 3.3 m mean annual
precipitation (Gullidge, 1970), so water may be expected
to play an important role in any mass movement. Ground
water in the volcanic edifice, which includes meteoric
water and water from the magma body, shattered glacial
ice, and water picked up from lakes, streams, and ground
water in the North Fork Toutle River valey were the
sources of the water in the debris avalanche (table 6).
Some water was lost after deposition of the debris ava
lanche when lahars were formed, but most of the water
remained in the pore spaces of the debris avalanche
(table 6).

The amount of water within the part of the mountain
that became the debris avalanche (the source material)
includes both the ground water in the saturated zone
underneath the water table and the ground water in the
unsaturated zone above the water table. The volume of
the source material is calculated to be 2.1 kmS3, which
represents the 2.5-km? volume of the debris-avalanche
deposit (not including the proximal unit) corrected for
20-percent dilation (see "Texture of the Deposit").

The volume of water in the saturated zone is the
product of the porosity and the volume of source material
beneath the water table. Water table Il of figure 19 of
Voight and others (1983) is assumed to be a reasonable
representation of the water table within the old volcanic
edifice. The cross section suggests that roughly 85 per-
cent of the volume of the material missing from the crater
was under the water table. The crater includes the source
material for the debris-avalanche and blast deposits as

well as the lithic components of the air-fall deposits, but
because the source material for the debris-avalanche
deposit makes up the bulk of the missing material, |
assume roughly 85 percent of it to be under the water
table also. The porosity of the source area is determined
to be 14 percent by the equation

n=1-— @
¢}

where n is the porosity of the material; ps is the mean
field density (2.31 g/cm3; table 5); and py is the mean
grain density (2.7 g/cm3; laboratory determination; Voight
and others, 1983).

The total volume of water in the saturated part of the
mountain that became the rockslide-debris avalanche was
therefore

V= NnxV_ = 025km’ @)

ws

where V5 is the volume of water in saturated zone, and
V s iSthe volume of source material in the saturated zone
(1.8 km3). Some of the water may have been in the form
of steam adjacent to the magma body, but the lithostatic
load on the water probably kept most of it in the liquid
phase.

The unsaturated zone may be estimated to be roughly
50 percent saturated (for example, Gillham, 1984, fig. 6).
The volume of water in the unsaturated part of the moun-
tain that became the rockslide-debris avalanche is then
computed as

V,, = 05 xnx V., = 002km’ €)

where V,,, is the volume of water in the unsaturated zone
and V ,, is the volume of source material in the unsatur-
ated zone (equa to the total volume of source material
minus the volume of saturated zone; 0.3 km?3).

Glacia ice may have contributed liquid water to the
movement. However, for this to occur, the ice must have
melted during the movement of the debris avalanche. The
debris avalanche was warm enough (as much as 98 °C;
Voight and others, 1981) to melt ice, but in order for melt-
ing to occur, the ice must have been thoroughly shattered
or adjacent to a substantial source of heat. Itislikely that
ice would shatter (as did clasts in the debris avalanche).
However, chunks of ice meters wide were observed on the
surface of the deposit for a few weeks after emplacement,
and ice was dug up in excavations for a trench dug by the
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Table 6. Water budget of debris avalanche

[Most calculations, referencesin text. All valuesin kmS. Assumes 2.5-km? debris-avalanche deposit (not including proximal unit in crater and on north flank)

and 2.1-km?® source of debris avalanche]

Sources of water (maximum contributions)

Ground water in saturated zone of old mountain 0.25

Ground water in unsaturated zone of old mountain 0.02

Glaciad ice 0.10

Total 0.37

About 0.43 km3, or 17 percent of the debris avalanche, was deposited in Spirit Lake, so the total water available for the

debris avalanche (not including the material deposited in Spirit Lake) is 83 percent of 0.37 kmd

Total available 031

All of the 0.06-km? decrease in the volume of Spirit Lake is assumed to be incorporated in the debris-avalanche deposit in

the lake (see text).

Maximum volume percent of water in deposit (not including 0.4 km® of deposit in lake)

(value obtained from 0.31 km®/2.1 kmd) 15
Depletion of water

Lahars 0.06

Balance remaining in deposit 0.25

Maximum volume percent of water in deposit after loss to lahars

(not including 0.4 km® of deposit in lake; value obtained from 0.25 km3/2.1 km3 12

U.S. Army Corps of Engineers near Spirit Lake
amost 2 years after emplacement; this subsurface ice
indicates that much of the ice did not melt during trans-
port.

The maximum amount of water that could have been
contributed to the debris avalanche by glacial iceiscalcu-
lated to be about 0.10 km? (table 6). Thetotal volume of
glacia ice removed during the May 18 eruption (Brug-
man and Meier, 1981) was 0.13 km®. Probably about
half of the 0.035 km? of ice removed from the Forsyth
Glacier (Brugman and Meier, 1981) was removed in the
Forsyth ice avalanches that were not involved with the
debris avalanche (Voight, 1981). Thus about 0.11 km® of
ice was incorporated in the debris avalanche; this amount
is equivalent to 0.10 km3 of water, assumi ng the density
of ice to be 92 percent of the density of water.

A calculation based on a bathymetric survey shows
that the volume of Spirit Lake decreased by 0.06 km?3
during the eruption (Meyer and Carpenter, 1982). Most
of this water was probably incorporated in the 0.43 km?
of debris avalanche that went into Spirit Lake. Voight
and others (1983) show that the debris-avalanche deposit
has a mean porosity of roughly 32 percent, so the water
capacity of the debris-avalanche deposit under Spirit lake
is 0.14 km®, more than enough to account for the missing
0.06 km3. An unknown but probably substantially
smaller volume of water was probably picked up from the

North Fork Toutle River and from ground water in the
aluvium of the North Fork Toutle River valley.

About 0.14 km? of lahars (Fairchild and Wigmosta,
1983; Fairchild, 1985, 1987) were produced throughout
the day of May 18 from water-rich parts of the debris-
avalanche deposit (see "Geologic Maps of the Deposit").
Fairchild (1985, 1987) estimates that they contained 35-
50 percent water. They were apparently richer in water
than those on the east side of the volcano, which were
estimated to contain 22-36 percent water by volume
(Pierson, 1985), and those on the southwest flank, which
were estimated to contain 30-37 percent water by volume
(Major, 1984), but this difference may be due to different
methods of determining water content. Fairchild's aver-
age of 42 percent water is used to compute a water vol-
ume of about 0.06 km? in the lahars that were generated
on the debris-avalanche deposit. Most of the 0.31 km3 of
water in the debris-avalanche deposit did not become part
of the lahars, the water remained in the pore space
between clasts of the debris-avalanche deposit (table 6).

TRANSITION TO FLOW AND
DISINTEGRATION OF MATERIAL
Eyewitness photographs show that the failure of the
north side of Mount St. Helens began as a dlide (displace-

ment occurring along one or several surfaces or relatively
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narrow zones, Varnes, 1978). It is apparent from the
deposit, however, that the material soon disintegrated into
particles of various sizes. Part of the material from the
crater was accelerated by the blast explosions and
became the blast deposits, but the vast bulk of the mate-
rial was driven by its own weight and took on the charac-
ter of a flowing debris-avalanche as particles interacted
with each other and with interstitial fluids.

The distribution of rock types and the preservation of
contacts within the Johnston Ridge unit suggest that a
part of slide block | dlid relatively intact and without tum-
bling to form the Johnston Ridge unit (figs. 60 and 62).
The material from the balance of slide block | did not sur-
mount the ridge, but rather took a 90° left turn and broke
up into smaller pieces (debris-avalanche blocks). The
debris-avalanche blocks then flowed together down the
valley (figs. 60 and 62).

Photographs show that slide block 11 began asasim-
ple dide, and then the blast explosions tore through the
diding material to produce the blast surge. A small
amount of the remaining material went over the top of
Johnston Ridge and was deposited as part of the 0.06 km?3
of material in South Coldwater Creek (Fisher and others,
1987), and some went into Spirit Lake; however, most of
the rest of the 0.75-km? slide block probably took a 90°
left turn at the base of Johnston Ridge, broke into smaller
debris-avalanche blocks, and joined the flow of debris-
avalanche blocks travelling downvalley (figs. 60 and 62).

Slide block 11 consisted of many discrete failures
(Voight and others, 1983). Some of the material from
these failures may have been carried away by pyroclastic
currents generated from the blast explosions, but much of
the material from slide block 111 probably aso traveled
down the north flank of the mountain, took the 90° left
turn, and became part of the flow of debris-avalanche
blocks.

The flow of debris-avalanche blocks stopped just
west of Maratta Creek, about 10 km from the 90° turn
and roughly 17 km from the center of the source of the
debris avalanche in the crater (figs. 60 and 62). There,
the valley of the North Fork Toutle River narrows consid-
erably and bends to the left. The flowing debris-ava
lanche blocks did not make the left turn; they stopped
against the valley wall just west of Maratta Creek. The
break-in-slope in the avalanche deposit just west of
Maratta Creek represents a part of the flow front of the
flow of debris-avalanche blocks (fig. 36).

Debris-avalanche blocks that retain recognizable
origina volcanic stratigraphy or structures are striking
but rare (see "Geologic Maps of the Deposit” and "Tex-
ture of the Deposit"). The map pattern (pl. 4) and maps
of outcrops (fig. 50) indicate that debris-avalanche blocks

are commonly deformed and strained over scales ranging
from centimeters to hundreds of meters.

Block size in this flow of debris-avalanche blocks
generally decreases with distance from source (fig. 48).
The quantity of matrix-facies material increases with dis-
tance from source (fig. 50; pl. 4). Clast size, represented
by median diameter, mean diameter, and percent of gravel
and sand, varies considerably from site to site in proximal
areas but converges about the mean for each parameter
with distance from source (figs. 57 and 58). All these data
taken together suggest that debris-avalanche blocks disag-
gregated into their constituent clasts and mixed with each
other during transport. This mixing is one of the pro-
cesses that created the matrix facies. However, the pres-
ence of juvenile material in the matrix facies indicates
that much of the matrix facies formed from the explosions
that accompanied the initial movement of dide block 111
(seefig. 63 and previous part of this section).

The evidence suggests that there were two types of
debris-avalanche flow (fig. 63). The first is the flow of
debris-avalanche blocks, made of unconsolidated pieces
derived from all three slide blocks, that stopped just west
of Maratta Creek, about 17 km from the mountain. The
second is aflow of matrix facies that contained suspended
debris-avalanche blocks; these suspended blocks were
generated from the exploding magma body at the moun-
tain as well as from the disaggregation of debris-ava-
lanche blocks in the flow of debris-avalanche blocks.

The disintegration of material occurred in many dif-
ferent ways (fig. 61). The material dilated (increased in
volume), probably due primarily to fracturing of individ-
ual clasts, but possibly also due to changes in packing of
the clasts accompanying movement. As previousy dis-
cussed, debris-avalanche blocks deformed, disaggregated,
and mixed with each other.

Field sand-cone density measurements and laboratory
measurements of the specific gravity of materialsfrom the
edifice, when compared with sand-cone measurements of
the debris-avalanche deposit, indicate that the material of
the old mountain dilated (increased in volume) by roughly
20 percent (table 4; fig. 51B). There is no trend of
decreasing density in the deposit with distance (fig. 51B),
and there is no trend of decreasing clast size with distance
(figs. 57 and 58). This suggests that debris-avalanche
blocks were dilated and large clasts were fractured during
the rockdlide at the mountain, rather than during transport
of the debris avalanche (see "Texture of the Deposit”).
Thoroughly fractured (shattered) clasts are pervasive in
the debrissavalanche deposit (see "Texture of the
Deposit"), which probably produced much of the dilation,
although changes in packing of the clasts may account for
some of it.
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Clastsin material may shatter under the tensile stress
(rarefaction) that follows the compressive stress resulting
from acollision. The compressive stress also generates a
tensile stress approximately normal to the direction of
compressive stress during a collision (Jaeger and Cook,
1979). In the rockslide, the shear generated as the dlide
blocks moved down irregular dip surfaces probably
caused clasts in the unconsolidated slide blocksto collide
and shatter at many scales (for example, Komorowski
and others, 1991). In addition, clasts collided as they
were forced into one another by the explosions of the
blast. The shattering could not have resulted just from
the blast explosions; material from dlide block I, which
was relatively unaffected by the blast explosions, is
dilated and shattered in a manner similar to material from
the other two slide blocks.

The shear at the base of the rockslide also apparently
produced a seismic wave that was propagated into the
mountain. Modeling of the source mechanism of the sig-
nals observed at seismographs far from the volcano indi-
cates that the initial diding generated strong long-period
seismic waves (Kanamori and Given, 1982). Small mass
movements have also been observed to produce seismic
waves (Kadomura and others, 1983; Norris, 1994).

A second large earthquake about 2 minutes after the
initial 8:32 am. event (Maone and others, 1981) may
reflect the impact of the rockslide-debris avalanche
against Johnston Ridge just north of the crater. Calcula
tions based on photographs indicate that the rockslide-
debris avalanche arrived at Johnston Ridge at about this
time (Voight and others, 1983). The second seismic
event has been interpreted by Kanamori and Given
(1982) to result from the second major blast proposed by
Moore and Rice (1984), but the timing of the event is
equally consistent with the impact of the rockslide
debris-avalanche against Johnston Ridge.

The lack of a trend of increasing dilation during
transport suggests that the material was dilated to its
maximum extent during sliding and was not dilated fur-
ther during avalanche flow. Dilation, then, was created
by dliding and resulted in profound loss of strength (Voi-
ght and others, 1983), facilitating continued sliding and
the transition to avalanche flow; continued expansion of
the material was not required for the avalanche to flow.
Theoretical mechanicsindicates that thisis ageneral case
for mass movements that begin as a dlide and transform
into aflow (Savage, 1984).

The deformation of the mountain caused by intrusion
of the cryptodome between late March and May 18,
1980, may have caused a small amount of the dilation.
The source material dilated by about 20 percent to create
the 2.5 km® debris-avalanche deposit. This 20-percent
dilation is equivalent to a volume increase of 0.42 km?.

However, the "bulge” created by the deformation of the
mountain between late March and May 18 had a volume
of only about 0.12 km® (Jordan and Kieffer, 1981); fur-
thermore, most of the pre-May 18 deformation is
assumed to result from intrusion of the cryptodome (Voi-
ght and others, 1983; Moore and Albee, 1981).

FLUIDIZATION AND FLUIDSIN THE FLOW

Fluidization in volcaniclastic flowsis defined by Wil-
son (1980) and Sparks (1976) as the condition that occurs
when gas is streaming up through the flow at a velocity
great enough to support the weight of individual parti-
cles. This definition is drawn from the chemica engi-
neering literature. Fluidization is defined by McSaveney
(1978) as any process that turns a solid mass of loose
debrisinto amobile fluid; he defined mechanical fluidiza-
tion as the process in which internal friction is lowered
through separation of clasts in rebounds from countless
collisions, and he refers to the process defined by Wilson
(1980) and Sparks (1976) as gas-fluidization.

The debris-avalanche deposit is nearly everywhere
poorly sorted, with g>1 (table 4). Thus, the flowing
material had a negligible amount of gas-fluidization, and
the parts of it that were an explosively generated pyro-
clastic current may be considered type 1 pyroclastic flows
of Wilson (1980). Wilson notes that features of the
deposits of these events can best be explained by consid-
ering the flowing material to be a high-concentration dis-
persion, that is, a high-concentration flow of particles.

However, gases of various kinds were present in the
interstices of the avalanche deposit. It is clear from the
photographs that the sudden rel ease of the pressure on the
volcano's hydrothermal and magmatic system resulted in
the transformation of ground water to steam that became
incorporated in the rockslide. The fumaroles on the sur-
face of the avalanche after emplacement reflect rel ease of
this water vapor, or additional vapor generated from the
interaction of hot parts of the avalanche deposit with
flowing ground water. Water vapor may have been gener-
ated by boiling of the water in the moving avalanche by
heat generated from interparticle friction (Goguel, 1978).
The juvenile material in the avalanche must have con-
tained juvenile gases that were released as the fragile
juvenile clasts (which were probably much hotter than
100° C; Banks and Hoblitt, 1981) broke apart during
transport. But the measured temperatures of the debris
avalanche just after deposition, which probably approxi-
mate emplacement temperatures, (<100 °C, average 60
°C), suggest that water vapor and juvenile gases, which
have temperatures 100 °C or greater, were not so volu-
metrically important as air. Air was probably incorpo-
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rated during the initial rockslide movement when the
material was dilated by about 20 percent.

The flow of debris-avalanche blocks can be consid-
ered a grain flow (Bagnold, 1954; Lowe, 1976; Savage,
1984), where particles - either the debris-avalanche
blocks or the clasts within the debris-avalanche blocks -
collide and create dispersive stresses normal to the move-
ment of the flowing material. The dispersive stress pre-
serves the dilation of the material, and it is the dilation
that enables it to flow. This certainly fits the description
of mechanical fluidization in the sense of McSaveney
(1978). However, athough the particles vibrate and col-
lide, in the block facies they commonly keep at or near
their original positions relative to one another, resulting
in parts of the deposit retaining original volcanic struc-
tures or stratigraphy (type | windows, see "Texture of the
Deposit”). This implies that particles only infrequently
lose contact with one another, similar to particle interac-
tion in flows of materia in a quasi-static, rate-indepen-
dent plastic regime (Savage, 1984). Origina structuresin
deposits are cited by Melosh (1983) in support of a
hypothesis of "acoustic fluidization,” where sound waves
drive particles apart.

As particles are frequently in contact with one
another, the material could not have lost al its strength
when it was dilated. The high degree of interparticle fric-
tion implies a strength of material that resulted in levees,
flow fronts, and longitudinal ridges. These features are
also seen in poorly fluidized pyroclastic flows (Wilson,
1980).

The density data from the Mount St. Helens ava-
lanche deposit indicate that dilation of material occurred
primarily during the rockslide, and that dilation was
partly responsible for the development of avalanche flow.
Davies (1982), McSaveney (1978), Melosh (1983), and
Savage (1984) suggest that high rates of shear at the base
of debris avalanches may cause locally high dilation and
reduction of internal friction; aternatively, some experi-
mental work (Hungr and Morgenstern, 1984) suggests
that this effect may not be important. During the flow of
the Mount St. Helens debris avalanche, basal shear or the
intense seismic activity (which was probably created by
basal shear; Voight and others, 1983) likely created dis-
persive pressure that preserved the dilation and was
responsible for the continued flow of the avalanche.

Internal friction was also reduced by porefluids. The
most important of these was water in liquid or vapor
form. Water in the liquid phase is nearly incompressible
relative to air, so it probably reduces the number and (or)
intensity of interparticle collisions and decreases the
momentum transfer of each collision and thereby lowers
internal frictional resistance to flow (Richard Iverson,
oral commun., 1986). When water explosively trans-

Figure 64. Disaggregation and rolling of materia that may indi-
cate first stages of turbulence. Window 827-7 near Castle Lake.

forms into the vapor phase, it increases substantialy in
volume, and this expansion has the effect of driving parti-
cles apart. This increases dilation and likewise lowers
internal friction.

TURBULENCE

Flows of material of high concentration and high
strength are generally thought to behave in a nonturbulent
(or laminar) fashion (Fisher, 1971; Johnson, 1970). Tur-
bulent flows have nonparallel lines of flow, mix together
materials in different parts of the moving flow, and are
erosive. It has been shown (for example, Bagnold, 1955)
that increasing a concentration of particulate matter in a
flow of water inhibits turbulence. Johnson (1970) pointed
out that debris flows often flow with well-defined "plugs”
in which particles move in paralld paths.

Turbulence is a concept generally applied to flows of
viscousfluids. When disturbancesin the lines of flow of a
fluid devel op, and the viscous forces cannot dampen these
disturbances, the disturbances propagate through the fluid
and the fluid is said to be turbulent (Rouse, 1946). A flow
of sediment-laden water may approximate a viscous fluid,
but a grain flow like the debris avalanche is not a viscous
fluid; nevertheless, the concept of turbulence has been
applied to grain flows (for example, Enos, 1977).

There is good evidence that parts of the flowing
debris avalanche had many of the characteristics of turbu-
lent flows during transport. Although many debris-ava-
lanche blocks retained their coherency, suggesting
parallel paths and therefore laminar flow, many blocks
disaggregated and mixed together. This mixing is one of
the processes that created the matrix facies. In order to
mix together, the particles must have followed nonparallel
paths. In addition, some exposures (for example, 827-7;
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EXPLANATION
® Volcanic 32 samples
O Nonvolcanic 39 samples
O Mount St. Helens flow of debris-avalanche blocks
A \ount St. Helens entire debris avalanche
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Figure 65. Mohility (fall height/travel distance; H/L) versus vol-
ume for volcanic and nonvol canic debris avalanches (from Voight
and others, 1985). Lower H/L value implies greater mobility for
entirety of Mount St. Helens avalanche deposit than for flow of
debris-avalanche blocks. Regression lines from Voight and others
(1985).

figs. 50 and 64) show disaggregation and rolling of mate-
rial, and this may imply the first stages of turbulence,
where swirls and vortices develop from instabilitiesin the
fluid (Roshko, 1976; Cantwell, 1981).

THE BASE OF THE DEBRISAVALANCHE

There may locally have been some dlip along an eas-
ily sheared layer at the base of the moving debris ava-
lanche. The gas-rich blast surge deposit may have been
this easily sheared basal layer; its hot (>100 °C; Banks
and Hoblitt, 1981), gas-rich nature suggests that gas was
present between particles after deposition, preserving a
high degree of dilation. However, the irregular topogra-
phy of the bottom of the valley of the North Fork Toutle
River before the eruption indicates that the basal layer
could not have been a continuous sheet. In any case, an
easily sheared basal layer is certainly not required to
explain any features of the debris-avalanche flow or of
the debris-avalanche deposit.

A mechanism of lubrication of large debris ava
lanches by an easily sheared basal layer of entrapped air
has been called upon to explain features of large-scale
mass movements (Shreve, 1968; Fahnestock, 1978). This

mechanism has been disputed on theoretical grounds by
Hsu (1975, 1978) and Voight and Pariseau (1978).

There is no evidence of air-layer lubrication for the
Mount St. Helens debris avalanche. Shreve (1968) noted
that for such alayer to form, the source material must be
launched into the air and then travel along relatively
smooth slopes as a nearly nondeforming sheet of sliding
rubble. At Mount St. Helens, the rockslide-debris ava-
lanche scoured the north side of the mountain (fig. 27);
the obvious contact with the underlying surface shows it
could not have been launched into the air. The area of
deposition was not smooth; instead it was the extremely
irregular topography of Johnston Ridge and the North
Fork Toutle River. Finaly, there is abundant evidence
that the diding rubble was dilated, smashed against the
ridge just north of the mountain, took a 90" left turn, then
traveled down the valey as a flow of debris-avalanche
blocks and a poorly fluidized pyroclastic flow; therefore
it cannot be considered to be a nondeforming, diding
sheet of rubble.

MOBILITY OF THE DEBRISAVALANCHE

Many authors (for example, Siebert, 1984; Voight
and others, 1983, 1985; and Ui, 1983) have noted that
large volcanic debris avalanches have greater mobility
(lower ratio of fall height H to travel distance L) than
nonvolcanic debris avalanches of comparable size. This
difference is thought to result from the depressurization
of magmatic and (or) hydrothermal systems (blasts) that
generally accompany the emplacement of the avalanches.
The unconsolidated or poorly consolidated materia of
stratovolcanoes may be finer grained than rocks that
make up other mountains; this may also contribute to the
mobility of the volcanic events (Ui, 1983), perhaps by
promoting grain flow or by producing a high porosity that
would alow the source areas of volcanic debris ava-
lanches to have relatively high water contents (Barry Voi-
ght, written commun., 1985).

At Mount St. Helens, the flow of matrix facies with
suspended debris-avalanche blocks traveled 29 km from
the source, whereas the flow of debris-avalanche blocks
without matrix facies traveled only 17 km from the
source. Juvenile debris in the matrix facies material is
evidence that the greater mobility resulted from the
depressurizing magmatic and hydrothermal system (the
blast explosions). The greater mobility may have
resulted partly from the presence of juvenile and hydro-
thermal gasses, and their presence probably contributed
to the reduction of interparticle friction. Explosive mix-
ing also probably contributed to mobility by promoting
dilation and grain flow.
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The entire Mount St. Helens avalanche, including the
matrix facies, is more mobile than the flow of debris-ava-
lanche blocks (shown on fig. 65, plot of H/L versus vol-
ume from Voight and others, 1985). The entire Mount St.
Helens deposit plots within the more mobile field of vol-
canic debris avalanches, and the flow of debris-avalanche
blocks plots within the field of nonvolcanic debris ava-
lanches (seefig. 65). This evidence supports the idea that
the greater mobility of volcanic debris avalanches may
result, at least in part, from associated blast explosions.
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