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CHAPTER 1
EXECUTIVE SUMMARY

This report identifies volcanoes in the Cascade Range of
Washington, Oregon, and California that constitute a potential
threat to people and works of man, and assesses the hazards that
could result from future eruptions of these volcanoes. The
assessments are based on the premise that past eruptive histories
of volcanoes provide the best basis for judging the most likely
kinds, frequencies, and magnitudes of future volcanic events.
These assessments can be used to evaluate volcanic hazards at
sites of proposed nuclear power plants, as well as for more
general purposes of long-range land-use planning. The principal
conclusions of the report include the following.

1. Potentially hazardous volcanic events that can occur at
Cascade Range volcanoes consist chiefly of flowage phenomena {lava
flows, pyroclastic flows and surges, debris avalanches, lateral
blasts, and lahars and floods), fall of tephra (volcanic ash),
emission of volcanic gases which can be carried by the wind, and
eruption-induced atmospheric shock waves. Other phenomena that
are hazardous close to a volcano include volcanic earthquakes and
ground fractures. Chapter 3 describes these phenomena and their
effects on people and works of man. Many flowage phenomena are
dangerous because they have volumes and densities great enough to
damage or destroy structures, these properties as well as heat can
also injure or kill people.

Most flowage events extend no more than a few tens of
kilometers from a volcano, although the largest known debris
avalanches and pyroclastic flows from Cascade volcanoes have
reached at least 60 km down valleys. Lahars and related floods
commonly extend to distances greater than 50 km, and some have
exceeded 100 km. The probability is very low that tephra from a
Cascade Range volcano would be more than 1 m thick at a distance
of more than 50 km, but tephra more than 1 ¢m thick can be
deposited hundreds of kilometers downwind. Tephra can damage
structures and machinery, but seldom causes total destruction or
threatens lives. Volcanic gases rarely are a danger to people
beyond a distance of 15 km from their source vent.

2. Discussions in Chapter 4 of the recent eruptive history of
each of the 13 major volcanoes of the Cascade Range, as well as
fields of basaltic volcanoes, provide a basis for assessing the
character and annual probability of future eruptions as well as
their anticipated areal extent. 1In addition, hazardous events of
a type or magnitude unprecedented at each volcanic center are
evaluated by analogy with such events at other, similar volcanoes.
The compilations of eruptive histories show wide ranges in
frequency of events such as large-volume flowage deposits and
explosive eruption of voluminous tephra, from one volcano to
another. Mounts Baker and Rainier, for example, have given rise
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to relatively numerous and extensive lahars; Mount St. Helens has
on 4 occasions erupted more than 0.1 km® of tephra within just the
last 500 years, whereas Mounts Adams, Hood, Jefferson, and several
other volcanoes have erupted none of that volume for at least
15,000 years.

3. Volcanic-hazard zonation maps of the northwestern United
States, which accompany the report and are described in Chapter 5,
identify areas that could be affected by various kinds and scales
of volcanic events. Plate 1 shows proximal-hazard zones, which
are areas wWithin 50 km of each volcano that could be affected by
many kinds of flowage phenomena as well as thick tephra fall and
atmospheric shock waves. This distance encompasses the most
probable extents of almost all kinds of volcanic events except
lahars, floods, and tephra fall. Plate 1 also shows distal lahar-
and flood-hazard zones that extend beyond 50 km along valleys
heading on snow-covered volcanoes. The same plate outlines 2zones
that could be affected by future eruptions of basaltic volcanoes;
hazards in these zones include lava flows, tephra falls,
pyroclastic surges, and fissuring and faulting of the ground.
Plates 2, 3, and 4 show the calculated annual probabilities of
areas belng affected by 1, 10, and 100 centimeters of tephra
during future eruptions of the 13 major Cascade volcanoes.

4. Guidelines are suggested for the evaluation of volcanic
hazards at proposed sites of nuclear power plants in the
northwestern United States, both within and beyond proximal hazard
zones. These evaluations should include a comprehensive knowledge
of the eruptive histories of volcanoes in the region around the
site, an evaluation of the effects of past eruptions at the site,
an assessment of the probable types, magnitudes and frequencies of
future eruptions in the region and their anticipated impacts on
the site, identification of the maximum credible volcanic events
that could affect the site, and evaluation of ways to mitigate the
effects of future eruptions at the site.



CHAPTER 2
INTRODUCTION
2.1 Background

Electrical generating plants that utilize fossil fuels have
traditionally been located close to their market areas; their
sites have depended primarily upon the availability of fuel and
water supplies. With the development ¢of nuclear power, however,
it became extremely important that the power plants be sited in
areas that are relatively free of geologic hazards in order to
avoid the consequences of damaging a nuclear reactor (Morris,
1979). Thus, the construction of such facilities requires an
especially careful evaluation of geologic hazards (Morris, 1979;
Adair, 1979; Tabor, 1986}.

Guidelines for evaluations of geologic hazards at nuclear-
power plant sites were issued in 1971 by the Atomic Energy
Commission in Appendix A to 10 CFR Part 100, "Seismic and Geologic
Siting Criteria for Nuclear Power Plants" (Federal Register [36 FR
228]). This was followed in 1972 by the Atomic Energy
Commission's release of "Standard Format and Content of Safety
Analysis Reports for Nuclear Power Plants" (see Regulatory Guide

1.70, 1975, for updated version). In 1973, an amended version of
Appendix A to 10 CFR 100 was published in the Federal Register (38
FR 218). Still later versions of these guidelines can be found in

the Code of Federal Regulations (1978). Utility companies
involved in site investigations for nuclear power plants used
these guidelines to prepare preliminary and final safety analysis
reports, which were reviewed under the Standard Review Plan issued
in 1975 by the U.S. Nuclear Regulatory Commission (NUREG-75-087).

Among the geologic hazards that must be evaluated in the
siting of nuclear power plants are those associated with volcanic
eruptions (Code of Federal Regulations, 1978; Adair, 1979). The
Cascade Range of Washington, Oregon, and northern California (Fig.
2-1) has been an area of recurrent volcanism for tens of millions
of years (e.g., McBirney and White, 1982} and volcanic activity
continues at present. The frequency of eruptive activity during
the past 1 million years (Chapter 4; Appendix A) indicates that
the Cascade Range is an active continental-margin volcanic arc.
Eruptions in the Cascades during the past 12,000 yr have occurred
at an average rate of more than one per century,; at least five
eruptions have occurred during historic time (the last 150 years)
({Crandell and Mullineaux, 1975) in addition to the well-documented
1980-1986 eruptions of Mount St. Helens (Appendix A; Lipman and
Mullineaux, 1981). Future eruptions of Cascade Range volcanoes
can have damaging effects on nuclear power plants as well as other
facilities. Therefore, a careful evaluation of volcanic hazards
is an important component of siting considerations for future
nuclear power plants in the vicinity of the Cascade Range.



& T =50°
Mount Garibaldi British Columbia
—_—— Canada
% Mount Baker Uus. |
6 Glacier Peak |
Washington |
Mount Rainier |
c .
- . \
o A'Mount Adams \
o B _:._.: /_w.——-—--—'
- , — .
R i /
~ A'Mount Hood o I :
\E o oas®
R /
7B Mount Jefferson /
 AThree Sisters Oregon 5
- 9 A.ﬁ’e"v;t;orry Volcano [
© e ©
Q. - Crater Lake I °
e s e b g
e :"':'" 1 i
Mount Shastwediclne Lake Volcano |
s ) I
e | Nevada &
Lassen - : ' i
Voicanic Center | |
: ~40° |
o 100 200 |
Callfornia | b .- -
| km

Figure 2-1. Location map showing the 13 major Cascade volcanic
centers discussed in this report and the extent of late
Pliocene and Quaternary (past 4 million years) volcanic
rocks. Figure modified from Muffler and others (1982).



We identify 13 volcanic centers in the Cascade Range (Fig. 2-
1) that, in our judgment, could erupt in the near future (the next
few centuries). The selection of these volcanoes is analogous to
the concept of "capable faults" (Code of Federal Regulations,
1978), which was developed for use in site studies for nuclear-
power plants. Typlically, these centers are marked by one or more
large composite volcanoes that have been recurrently active for
tens to hundreds of thousands of years. Another shared
characteristic is that the time elapsed since their last eruption
is short compared with their 1ife span. For example, at Mount
Jefferson, the least active of the centers during the past 15,000
yr, the current repose interval is probably on the order of 10
percent of the volcano's life span, whereas at Mount Rainier it is
less than 1 percent. Current repose intervals of centers in the
Cascade Range that we exclude are typically 50 percent or more of
the life span of the center. For example, the Goat Rocks volcano
between Mount Adams and Mount Rainier was active from about 3
million yr ago to a little less than 1 million yr ago {(Clayton,
1983).

Volcanoes of basalt or basaltic andesite comprise a second
category of volcanoes treated in this report. A few thousand such
volcanoes have erupted throughout much of the Cascade Range
between Mount Rainier and Lassen Peak during the past several
million years (Luedke and others, 1983; Smith and Luedke, 1984).
Each volcano was active for a relatively short time period, but,
by outlining the distribution of those less than 1 million years
old, we define a zone that, in our judgement, could be affected by
eruptions of these or new volcanoes.

2.2 Purpose and limitations of this report

The purpose of this report is to evaluate potential volcanic
hazards in the northwestern United States from future eruptions of
Cascade Range volcanoes, in order to assess such hazards at
possible sites for nuclear power plants. As the region covered in
this report is very large, the report cannot provide a detailed
assessment of the volcanic hazards at specific sites. However,
the rationale, methods, and results described and used here can
provide a basis for a preliminary assessment of hazards at a site,
and can help to guide additional detailed investigations. A
further purpose of the report is to provide some general
guidelines for assessing volcanic hazards in a form that could be
useful for developing a more detailed regulatory guide than is now
available.

The eruptive history of each volcano is the primary basis for
our assessment of future volcano behavior and hazards. Using both
published and unpublished data, we have constructed a composite
record at each volcano of historical and prehistorical volcanic
events (Appendix A) for various time periods that seem adequate to
characterize the range of past activity. The composite histories
are undoubtedly incomplete because of the certainty that the
products of some eruptions were removed by erosion, buried by the
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deposits of later events, or have not been recognized.

In estimating the probability of events, we assume a Poisson
distribution ({Wickman, 1965), because our data are too limited to
justify other models. Therefore,

Probability = 1l-e */",

where t is the future time period to which the probability
applies, and m is the mean recurrence interval {Dibble and others,
1985). In this report, annual probabilities calculated from the
above equation are effectively the same as the inverse of the
recurrence interval, i.e., the mean frequency (ratio of the number
of events to the number of years in which they occurred).

In assessing certain types of hazards at some volcanoes, we
have considered well-documented historical events at other similar
volcanoes, particularly in order to illustrate the largest events
that are expectable.

Although this report discusses the possible size range of
various volcanic events, their probabilities, and their effects,
it does not recommend levels of risk that should be accepted or
the probabilities of eruptions and specific kinds of volcanic
events that should be acceptable for siting decisions. Decisions
concerning risk acceptance will be based on many factors not
considered in this report, such as state-of-the-art engineering
techniques, volcano monitoring and warning systems, availability
of mitigative measures to reduce impact of volcanic events, cost-
benefit assessments, and distribution and size of populations at
risk.

This report does not discuss the bearing of future volcanic
eruptions on selection of sites for nuclear waste repositories in
the northwestern United States. This topic has been the subject
of recent and ongoing analysis (e.g., Crowe, 1980, 1986).

This report consists of six chapters, the first two of which
are the executive summary and the introduction. Chapter 3
discusses types of potentially hazardous volcanic events and their
effects on the surrounding environment. Chapter 4 discusses the
eruptive history and presents a volcanic-hazard assessment for
each of the 13 major volcanic centers and for basaltic volcanoes
and volcanic fields of the Cascade Range. Chapter 5 describes
volcanic-hazard zones in the northwestern United States, which are
illustrated on accompanying maps at a scale of 1:2,000,000. Four
categories of hazard zones are defined: (1) proximal-hazard zones
within a 50-km radius of major vents; (2) distal lahar- and flood-
hazard zones along some valleys beyond a proximal-hazard zone; (3)
tephra-hazard zones;, and {(4) hazard zones for basaltic volcanoes
and volcanic fields. Chapter 6 recommends some guidelines for
evaluating volcanic hazards at proposed sites for nuclear power
plants.
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CHAPTER 3
TYPES AND EFFECTS OF POTENTIALLY HAZARDOUS VOLCANIC EVENTS
3.1 Introduction

Many kinds of volcanic events directly or indirectly endanger
people and works of man. These events can be conveniently grouped
under four headings: (1) flowage phenomena, (2) eruption of tephra
[{Greek for ash)}, (3) emission of volcanic gases, (Table 3), and
{4) other events. This chapter describes volcanic processes and
their consequences in order to provide a background for subsequent
discussions of volcanic activity and volcanic-hazards zonation in
the northwestern United States. Types of volcanic eruptions
possible in that region and their associated hazards and effects
are summarized in Table 3-1.

3.2 Flowage phenomena

A number of volcanic phenomena are characterized by flowage
of molten rock {lava) or of rock fragments in various combinations
of hot or cold and wet or dry. Many such phenomena, such as lava
flows, originate as the direct product of an eruption. Others
result indirectly from eruptions, such as a flood that is caused
by a lava flow melting snow. Still other events, such as debris
avalanches from the flank of a volcano, may occur unaccompanied by
an eruption. The various kinds of flowage phenomena are described
in the following sections in terms of their origins, resulting
deposits, and hazardous effects.

3.2.1 Debris avalanches

The term debris avalanche is used to refer to the sudden and
very rapid movement of an incoherent, unsorted mass of rock and
soil mobilized by gravity (Schuster and Crandell, 1984). Movement
is characterized by flowage in a dry or wet state, or both.

Debris avalanches commonly originate in massive rockslides which,
during their movement, disintegrate into fragments ranging in size
from small particles to blocks hundreds of meters across. If the
avalanche has a large water content, its matrix may continue to
flow downslope as a lahar after its coarser parts have come to
rest. '

Volcanic-debris avalanches occur occasionally at large,
steep-sided volcanoes and are among the most hazardous of volcanic
events (Table 3-1; Voight and others, 1981; Crandell and others,
1984. Such avalanches form when part of a volcanic edifice fails
catastrophically and moves downslope. Disruption of a volcanic
cone may be the result of intrusion of magma and earthquake
shaking, as at Mount St. Helens in 1980 {Voight and others, 1981},
or the result of a volcanic explosion as at Bezymianny in
Kamchatka, U.S.S.R., in 1956 (Gorshkov, 1959; Bogoyavlenskaya and
others, 1985). Steep-sided volcanoes may also fail from other
causes, e.g., after gradual weakening by hydrothermal alteration,

12



or after heavy rains which may saturate and weaken parts of the
edifice.

Debris avalanches typically produce thick hummocky deposits
that can extend tens of kilometers from a volcano and cover
hundreds of square kilometers. A debris avalanche that occurred
at Mount Shasta between about 300,000 and 360,000 yrs ago
{Crandell and others, 1984) traveled more than 64 km from the
summit of the volcano, covered more than 675 km*, and had a volume
of at least 45 km® (D. R. Crandell, personal commun., 1986).

Debris avalanches can destroy everything in their paths by
impact or burial beneath tens of meters of debris. Because debris
avalanches can occur with little or no warning and can travel at
high speeds (Voight and others, 1981), areas that might be
affected should be evacuated if an avalanche 1is anticipated.

3.2.2 Pyroclastic flows

Pyroclastic flows are high-density mixtures .of hot, dry rock
fragments and hot gases that move away from thelr source vents at
high speeds. They may result from the explosive eruption of
molten or solid rock fragments, or both, or from the collapse of
vertical eruption columns of ash and larger rock fragments.
Pyroclastic flows may also result from a laterally directed
explosion, or the fall of hot rock debris from a dome or thick
lava flow.

Rock fragments in pyroclastic flows range widely in grain
size and consist of dense rock, pumice, or both. Individual
pyroclastic flows, worldwide, range in length from less than one
to more than 200 km, cover areas from less than one to more than
20,000 km?*, and have volumes from less than 0.001 to more than
1000 km* (Crandell and others, 1984). Pumiceous pyroclastic flows
with volumes of 1-10 km’ can reach distances of several tens of
kilometers from a vent and travel downslope at speeds of 50 to
more than 150 km/hr (Crandell and Mullineaux, 1978), their
velocity depending largely on their volume and on the steepness of
slopes over which they travel. Pyroclastic flows and their
deposits commonly contain rock debris and gases with temperatures
of several hundred degrees Celsius (Banks and Hoblitt, 1981:
Blong, 1984, p. 36).

Most pyroclastic flows consist of two parts: a basal flow of
coarse fragments that moves along the ground, and a turbulent
cloud of finer particles (ash cloud) that rises above the basal
flow (Crandell and Mullineaux, 1978). Ash may fall from the cloud
over a wide area downwind from the basal flow.

Pyroclastic flows generally follow valleys or other
depressions, but can have enough momentum to overtop hills or
ridges in their paths. The larger the mass of a flow and the
faster it travels, the higher it will rise onto obstacles in its
path. Some pumiceous pyroclastic flows erupted during the
climactic eruptions of Mount Mazama (Crater Lake} about 6850 years
ago moved 231 m upslope to cross a divide 17 km from the volcano
(Crandell ‘and others, 1984) and ultimately reached a downvalley
distance of 60 km from the vent (Williams, 1942; Bacon, 1983).
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Pyroclastic flows are extremely hazardous because of their
high speeds and temperatures. Objects and structures in their
paths are generally destroyed or swept away by the impact of
debris or by accompanying hurricane-force winds (Table 3-1;, Blong,
1984). Wood and other combustible materials are commonly burned
by the basal flow, people and animals may also be burned or killed
beyond the margins of a pyroclastic flow by inhalation of hot ash
and gases.

Pvyroclastic flows have been erupted repeatedly at many
volcanic centers in the Cascade Range during Holocene time
({Chapter 4, Appendix A). Moreover, large silicic magma chambers
may exist at several volcanic centers in the Cascade Range that
have had explosive eruptions of large volume (10' - 10? km’}.

Such eruptions can produce pyroclastic flows which could travel
more than 50 km from a vent and could be extremely destructive
over wide areas. Because pyroclastic flows move at such high
speeds, escape from their paths is unlikely once they start to
move, areas subject to pyroclastic flows must be evacuated before
flows are formed.

3.2.3 Pyroclastic surges

Pyroclastic surges are turbulent, low-density clouds of rock
debris and air or other gases that move over the ground surface at
high speeds. They typically hug the ground and depending on their
density and speed, may or may not be controlled by the underlying
topography. Pyroclastic surges are of two types: "hot"
pyroclastic surges that consist of "dry" clouds of rock debris and
gases that have temperatures appreciably above 100° C, and "cold"
pyroclastic surges, also called base surges, that consist of rock
debris and steam or water at or below a temperature of 100° C
{Crandell and others, 1984}).

Both hot and cold pyroclastic surges damage or destroy
structures and vegetation by impact of rock fragments moving at
high speeds and may bury the ground surface with a layer of ash
and coarser debris tens of centimeters or more thick (Table 3-1;
Crandell and others, 1984). Because of their high temperatures,
hot pyroclastic surges may start fires and kill or burn people and
animals. Both types of surges can extend as far as 10 km from
their source vents and devastate life and property within their
paths. During an eruption of Mont Pelee on Martinique in 1902, a
cloud of hot ash and gases swept into the town of St. Pierre at an
estimated speed of 160 km/hr or more (Macdonald, 1972). About
30,000 people died within minutes, most from inhalation of hot ash
and gases. Pyroclastic surges have occurred at volcanoes in the
Cascade Range in the past (Chapter 4, Appendix A) and can be
expected to occur again. Future cold surges (base surges) are
most likely to occur where magma can contact water at volcanic
vents near lakes, those that have crater lakes, and at vents in
areas with a shallow water table.
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3.2.4 Volcanic blasts

Volcanic blasts are explosions which may be directed
vertically or at some lower angle. Vertically directed explosions
may produce mixtures of rock debris and gases that flow, motivated
chiefly by gravity, down one or more sides of a volcano. Such a
blast at Mount Lamington, New Guinea, in 1952 produced pyroclastic
surges that moved down all sides of the volcano, killing about
3,000 people and destroying nearly everything within an area of
about 230 km? (Taylor, 1958).

A volcanic explosion that has a significant low-angle
component and is principally directed toward a sector of no more
than 180° is referred to as a lateral blast (Crandell and Hoblitt,
1986). Such a blast may produce a mixture of rock debris and
gases hundreds of meters thick that moves at high speed along the
ground surface as a pyroclastic flow, a pyroclastic surge, or
both. The high velocity of the mixture of rock debris and gases,
which may be at least 100 m/s, is due both to the initial energy
of the explosion and to gravity as the mixture moves downslope.

Lateral blasts may affect only narrow sectors or spread out
from a volcano to cover a sector as broad as 180°, and they can
reach distances of several tens of kilometers from a vent
(Crandell and Hoblitt, 1986). The resulting deposits form a
blanket of blocks, lapilli, and ash that thins from a few meters
near the source to a few centimeters near the margin (Hoblitt and
others, 1981, Waitt, 1981; Moore and Sisson, 1981). Because of
they carry rock debris at high speeds, lateral blasts can
devastate areas of tens to hundreds of square kilometers within a
few minutes, and can destroy manmade structures and kill all
living things by abrasion, impact, burial, and heat.

A lateral blast at Mount St. Helens in 1980 moved outward at
a speed of at least 100 m/s (Malone and others, 1981), devastated
an area of 600 km’ out to a distance of 28 km from the volcano,
and killed more than 60 people (Christiansen and Peterson, 1981}.
A similar blast in 1956 at Bezymianny volcano, U.S.S.R., affected
an area of about 500 km?* out to a distance of 30 km from the
volcano (Gorshkov, 1959; Bogoyavlenskaya, and others, 1985). Both
events were closely associated with debris avalanches.

Volcanic blasts are most likely at steep-sided
stratovolcanoes and may occur when viscous gas-rich magma is
emplaced at a shallow level within the volcano (Bogoyavlenskaya
and others, 1985). For purposes of long-range land-use planning,
Crandell and Hoblitt (1986) have suggested that circular hazard
zones with a radius of 35 km be drawn around symmetrical volcanoes
where lateral blasts are possible. The sector beyond the volcano
that is most likely to be affected cannot be forecast unless and
until precursory seismic activity and deformation suggest the
possible site of a lateral blast (Gorshkov, 1963, Crandell and
Hoblitt, 1986). Although short-term warnings suggested by such
precursory activity obviously are not useful for determining safe
locations for fixed structures, they may allow people to evacuate
threatened areas (Crandell and Hoblitt, 1986).

15



3.2.5 Lava flows

Lava flows are streams of molten rock that erupt relatively
nonexplosively from a volcano and move downslope. The distance
traveled by a lava flow depends on such variables as the effusion
rate, fluidity of the lava, volume erupted, steepness of the
slope, channel geometry, and obstructions in the flows path (Table
3-1). Basalt flows are characterized by relatively low viscosity
and may reach more than 50 km from their sources; in fact, one
Icelandic basalt flow reached 150 km (Williams and McBirney,
1979). Andesite flows have higher viscosity and few extend more
than 15 km; however, one andesite flow of Pleistocene age in the
Cascades is 80 km long (Warren, 1941). Because of their high
viscosity, dacite and rhyolite lava extrusions typically form
short, thick flows or domes.

Lava flows cause extensive damage or total destruction by
burning, c¢rushing, or burying everything in their paths. They
seldom threaten human life, however, because of their typically
slow rate of movement, which may be a few meters to a few hundred
meters per hour. In addition, their paths of movement generally
can be predicted. However, lava flows that move onto snow or ice
can cause destructive lahars and floods, and those that move into
forests can start fires. The flanks of moving lava flows
typically are unstable and collapse repeatedly, occasionally
producing small explosive blasts or small pyroclastic flows.

Lava flows have been erupted at many vents in the Cascade
Range during Holocene time {Chapter 4; Appendix A); their
compositions range from basalt to rhyolite. The longest known
basalt, andesite, and rhyolite lava flows erupted at Cascade
volcanic centers during Holocene time are, respectively, the 45-
km-long Giant Crater basalt flow at Medicine Lake volcano, the 12-
km-long Schriebers Meadow andesite flow at Mount Baker, and the 2-
km-long Rock Mesa rhyolite flow at Three Sisters. Lava flows of
varied composition are likely to erupt again in the Cascade Range
and will endanger all non-moveable objects in their paths.

3.2.6 Lava domes

Volcanic domes are mounds that form when viscous lava is
erupted slowly and piles up over the vent, rather than moving away
as a lava flow. The sides of most domes are very steep and
typically are mantled with unstable rock debris formed during or
shortly after dome emplacement. Most domes are composed of
silica-rich lava which may contain enough pressurized gas to cause
explosions during dome extrusion.

The direct effects of dome eruption include burial or
disruption of the preexisting ground surface by the dome itself
and burial of adjacent areas by rock debris shed from the dome
({Table 3-1). Because of their high temperatures, domes may start
fires if they are erupted in forested areas. Domes are extruded
so slowly that they can be avoided by people, but they may
endanger man-made structures that cannot be moved. The principal
hazard associated with domes is from pyroclastic flows produced by
explosions or collapses. Such pyroclastic flows can occur without
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warning during active dome growth and can move very rapidly,
endangering life and property up to 20 kilometers from their
sources (Miller, 1978; 1980). Such pyroclastic flows can also
cause lahars if they are erupted onto snow and ice or incorporate
water during movement.

Domes ranging in composition from dacite to rhyolite have
been erupted repeatedly during late Pleistocene and Holocene time
in the Cascade Range (Appendix A). Domes at Mount Shasta, Mount
St. Helens, Glacier Peak, Mount Hood, and near Lassen Peak have
collapsed or exploded to produce hot pyroclastic flows, some
extending as far as 20 km from their sources (Miller, 1980).
Lines of domes erupted at Medicine Lake and South Sister volcanoes
within the last several thousand years appear to have formed over
short intervals of time when vertical dikelike magma bodies
reached the surface (Fink and Pollard, 1983; Scott, 1987). Dome
emplacement typically follows more explosive eruptions.

3.2.7 Lahars

Lahars (also called volcanic debris flows or mudflows) are
mixtures of water-saturated rock debris that flow downslope under
the force of gravity. For simplicity in the discussions and
compilations in this report, we have followed the usage of
Crandell and others (1984) and used the term lahar to include both
true lahars (Crandell, 1971), and downstream lahar-runout flows
(Scott, 1985). Lahar-runout flows are hyperconcentrated
streamflows that form by downstream transformation of lahars
through loss of sediment and dilution by streamflow (Pierson and
Scott, 1985; Scott; 1985, 1986). Additional dilution downstream
may result in transformation of hyperconcentrated flows into
normal streamflows, or floods.

Rock debris in lahars ranges in size from clay to blocks
several tens of meters in maximum dimension. When moving, lahars
resemble masses of wet concrete and tend to be channeled into
stream valleys. Lahars are formed when loose masses of
unconsolidated, wet debris become mobilized. Rocks within a
volcano may already be saturated, or water may be supplied by
rainfall, by rapid melting of snow or ice, or by a debris-dammed
lake or crater lake. Lahars may be formed directly when
pyroclastic flows or pyroclastic surges are erupted onto snow and
ice, as apparently occurred in November 1985 at Nevado del Ruiz,
in Columbia, where about 23,000 people lost their lives (Herd and
Comite' de Estudios Vulcanologicos, 1986). Lahars may be either
hot or cold, depending on the temperature of the rock debris they
carry.

Lahars can travel great distances down valleys, and lahar
fronts can move at high speeds--as much as 100 km/hr. Lahars
produced during an eruption of Cotopaxi volcano in Ecuador, in
1877, traveled more than 320 km down one valley at an average
speed of 27 km/hr (Macdonald, 1972). Lahars that descended the
southeast flank of Mount St. Helens in 1980 had initial flow
velocities that exceeded 100 km/hr; average lahar flow velocities
were about 67 km/hr over the 22.5 km traveled before the lahars
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entered a reservoir (Plerson, 1985). High-speed lahars may climb
valley walls on the outside of bends, and their momentum may also
carry them over obstacles. Lahars confined in narrow valleys, or
dammed by constrictions in valleys, can temporarily thicken and
fill valleys to heights of 100 m or more (Crandell, 1971}).

The major hazard to human life from lahars is from burial and
impact by boulders and other debris (Table 3-1). Buildings and
other property in the path of a lahar can be buried, smashed, or
carried away. Because of their relatively high density and
viscosity, lahars can move and carry away vehicles and other large
objects such as bridges.

An inverse relation exists between the volume and length of
lahars and their frequency; that is, large lahars are far less
frequent than small ones (see lahar frequency plots in Chapter 4).
For this reason, lahar hazard progressively decreases downvalley
from a volcano, and at any point along the valley, hazard from
lahars decreases with increasing height above the valley floor.

Lahars have occurred repeatedly during eruptions at snow-
covered volcanoes in the northwestern U. S. during Holocene time
(Appendix A). Large lahars originating in debris avalanches have
occurred at Mounts Shasta, Hood, St. Helens, Rainier, and Baker,
and some have been caused by the failure of debris-or moraine-
dammed lakes. Small lahars are frequently generated at ice-
covered volcanoes by climatic events such as heavy rainstorms and
periods of rapid snowmelt due to hot weather (Miller, 1980).

3.2.8 Floods

Floods related to volcanism can be produced by melting of
snow and ice during eruptions of ice-clad volcanoes, by heavy
rains that may accompany eruptions, and by transformation of
lahars to stream flow. Floods carrying unusually large amounts of
rock debris can leave thick deposits at and beyond the mouths of
canyons and on valley floors leading away from volcanoes.
Eruption-caused floods can occur suddenly and can be of large
volume;, if rivers are already high because of heavy rainfall or
snow melt, such floods can be far larger than normal.

Danger from eruption-caused floods is similar to that from
floods having other origins, but floods caused by eruptions may be
more damaging because of an unusually high content of sediment.
The hydrology of river systems may be altered for decades
following the rapid accumulation of great quantities of sediment
(e.g., U.S. Army Corps of Engineers, 1984). Subsequent reworking
of this sediment may lead to further channel aggradation, and
aggravate overbank flooding during high river stages. Floods can
also be generated by waves in lakes that overtop or destroy
natural or man-made dams; such waves can be produced by large
masses of volcanic material moving into the lake suddenly as a
debris avalanche, lahar, or pyroclastic flow.
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3.3 Tephra

Tephra consists of fragments of lava or rock blasted into the
air by explosions or carried upward by a convecting column of hot
gases (e.g., Fisher and Schmincke, 1984; Shipley and Sarna-
Wojecicki, 1983). These fragments fall back to earth on and
downwind from their source volcano to form a tephra, pyroclastic-
fall, or volcanic "ash" deposit. Large fragments fall close to
the erupting vent, and progressively smaller ones are carried
farther away by wind. Dust-size particles can be carried many
hundreds of kilometers from the source. Tephra deposits blanket
the ground with a layer that decreases in thickness and particle
size away from the source. Near the vent, tephra deposits may be
tens of meters thick. According to Blong (1984), rates of drift
of clouds containing ash are usually in the range of 20-100 km/hr,
but can be higher where wind speeds are higher.

Tephra deposits consist of combinations of pumice, glass
shards, dense-rock, and crystals that range in size from ash (< 2
mm), through lapilli (2-64 mm), to blocks (> 64 mm). Eruptions
that produce tephra range from those that eject debris only a few
meters into the air, to cataclysmic explosions that throw debris
to heights of several tens of kilometers. Explosive eruptions
that produce voluminous tephra deposits also typically produce
pyroclastic flows.

Effects of tephra are closely related to the amount of
material deposited and its grain size. Thickness versus distance
relationships for several well-known tephra deposits in the
Cascade Range are shown in Figure 3-1. Figure 3-2 shows median
particle diameter versus distance from source for various tephra
deposits. The relationship generally approximates an exponential
one, but shows wide scatter. Within about 100 km of a vent, the
median particle diameter of a tephra deposit varies by several
orders of magnitude depending on the intensity of the eruption,
fall velocity of particles, and velocity of the wind. Beyond
several hundred kilometers, the mean particle diameter typically
is silt-size (about 0.063 mm}) or less, but still shows
considerable variation.

Tephras generally do not completely destroy facilities or
kill people; instead they adversely affect both in many ways.
Tephra can be carried to great distances and in all directions; no
site in the Pacific Northwest is immune from tephra hazards. The
magnitude of hazard from tephra varies directly with deposit
thickness. 1In general, deposit thickness and grain size decrease
Wwith increasing distance from a vent. However, the tephra fall
from the May 18, 1980, eruption of Mount St. Helens displays a
secondary maximum of tephra thickness about 300 km from the
volcano (Fig. 3-1; Sarna-Wojcicki and others, 1981). Carey and
Sigurdsson (1982) proposed that aggregation of very fine ash into
larger particles caused premature fallout at the secondary
thickness maximum; they suggested that the same process may
accompany other tephra eruptions. The few data points for some of
the larger tephra fal<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>