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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.
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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.

10



2.3 Acknowledgements

This report was funded by the U.S. Nuclear Regulatory
Commission under Interagency Agreement Number RES-AT (49-25)-1000,
Modification Number 15. We thank the following people for their
assistance. C. R. Bacon, K. A. Cameron, D. E. Champion, R. L.
Christiansen, M. A. Clynne, D. R. Crandell, J. M. Donnelly-Nolan,
C. A. Gardner, D. R. Mullineaux, Patrick Pringle, A. M. Sarna-
Wojcicki, and J. W. Vallance provided unpublished data. S. W.
Kieffer contributed a draft, guidance, and reviews for the section
on atmospheric shock waves. C. R. Bacon, K. A. Cameron, D. E.
Champion, R. L. Christiansen, M. A. Clynne, J. M. Donnelly-Nolan,
Wes Hildreth, Patrick Pringle, D. R. Sherrod, and J. W. Vallance
reviewed parts of the manuscript. D. R. Crandell, L. J. P.
Muffler, D. R. Mullineaux, C. G. Newhall, and D. A. Swanson
reviewed the entire manuscript and offered many helpful
suggestions. D. T. Busch drafted some of the illustrations for
this report. We are especially grateful to D. R. Crandell and D.
R. Mullineaux for their guidance throughout the preparation of
this paper and for many thoughtful discussions about volcanic-
hazard assessment.

11



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,
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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).
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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 falls in Figure 3-1, and the problems of
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Figure 3-1. Plot of thickness vs. distance from vent for several
tephras from Cascade Range volcanoes. Values for Mazama, St.
Helens Yn, and Glacier Peak G are compacted thicknesses.
Blong (1984) estimates that original fall thicknesses may
have been twice as great. Values for Mount St. Helens 1980
tephra are uncompacted thicknesses. Data sources: m=Mazama
tephra: Williams (1942), Borchardt and others (1971, 1973),
D. R. Mullineaux (written commun., 1986), g=Glacier Peak G
tephra:. Porter (1978), Carrara and others, (1986); y=St.
Helens ¥n tephra: D. R. Mullineaux (written commun., 1986);
h=St. Helens May 18, 1980 tephra: Sarna-Wojcicki and others
{1981).

20



4096 -
1024 F \" .
Visual best
256 fit curve X\ Powerfui eruptions
3 \\ Low fall veiocity fragments
a 64 | High velocity wind
»
2 16 |
«Q
»
; . ‘oo o
% 10 | Maximum limit
s
; 0125 o
3 o.0e3}
0.016 |-
imum limit
0.004 Minimu Weak eruptions
'l'_"h falll valocl}xdtragmonts l
ow velocity w
0.0009
1 3 1 3
0 10 100 1000 10,000
Distance from source, In km

Figure 3-2. Medlan particle diameter plotted against distance

from source for various tephra deposits (modified from Fisher
and Schmincke, 1984}).

21



determining original fall thicknesses from prehistoric deposits,
leaves open the possibility of secondary thickness maxima in these
layers. The tephra-thickness plot for Mazama tephra is a
composite from many sources and suggests that a secondary
thickness maximum may occur in the Mazama tephra at about 200-500
km from its vent. Alternatively, it may reflect varying methods
used by different workers to determine original fall thickness.

Close to an erupting vent, the main tephra hazards to man-
made structures include high temperatures, burial, and impact of
falling fragments. Large blocks thrown on ballistic trajectories
from an erupting vent can damage structures and kill or injure
unprotected people. Most blocks will fall within 5 km of the wvent
(Blong, 1984), but unusually powerful explosions may throw some
blocks at least twice as far (Crandell and Hoblitt, 1986). Hot
tephra may set fire to forests and flammable structures, but this
is not likely to be a hazard beyond a distance of 15-20 km.
Structural damage can also result from the weight of tephra,
especially if it is wet. A tephra layer 10 c¢m thick may weigh 20-
100 kg/m* when dry, but 50-150 kg/m* when wet (Crandell and
others, 1984). Also, tephra is much more cohesive when wet than
when dry, and can adhere to steeper surfaces and is much more
difficult to remove. Tephra 10 c¢cm or more thick may cause
buildings to collapse (Blong, 1984, p.212). Drifting of tephra by
winds can locally increase accumulations and loads on sloping
structures far above that resulting from unmodified fall
thicknesses.

At distances of tens to hundreds of kilometers, the chief
hazards from tephra falls are the effects of ash on machinery and
electrical equipment and on human and animal respiratory systems.
Ash only 1 cm thick can impede the movement of most vehicles and
disrupt transportation, communication, and utility systems
(Schuster, 1981, 1983; Warrick and others, 1981). Machinery tis
especially susceptible to the abrasive and corrosive effects of
ash (Schuster, 1981, 1983; Shipley and Sarna-Wojcicki, 1983).

Specific possible effects of airfall tephra on nuclear power
plants have been outlined by Shipley and Sarna-Wojcicki (1983).
They include (1) loading of structures, particularly by thick
accumulations of wet tephra, (2} clogging of water and air
filtering systems by influx of tephra, (3) abrasive effects of ash
on machinery, (4) corrosion and shorting out of electrical systems
by freshly fallen ash (Sarkinen, 1980), (5) effects of tephra
accumulations in circulation of water-cooling systems, and (6) a
variety of secondary or indirect effects on maintenance and
emergency systems that may be impacted by factors 1-5. Shipley
and Sarna-Wojcicki (1983) also pointed out the likelihood of
"cascading effects"”, when the impact of tephra on one function or
group of functions impairs additional dependent systems, each of
which may produce further cascading effects.

In addition to the specific effects discussed above, the fall
of tephra may severely decrease visibility or cause darkness,
which could further disrupt transportation, disrupt outdoor
activities, and possibly result in psychological stress and panic
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even among people whose lives are not threatened (Blong, 1984).
These effects could impair the ability of personnel to perform
even routine tasks in areas affected by tephra fall. A wide range
of compositions and volumes of tephra have been erupted during the
past 15,000 years from Cascade volcanoces (Appendix A). These
tephra deposits range in volume from the 116-km® Mazama tephra
{Bacon, 1983; Druitt and Bacon, 1986) to those of only a few
thousand cubic meters. The May 18, 1980 eruption of Mount St.
Helens deposited an estimated minimum volume of 1.1 km® of
uncompacted tephra on areas east-northeast of the volcano (Sarna-
Wojcicki and others, 198l1). Most tephra eruptions in the Cascade
Range have produced elongate lobe-shaped deposits that extend
primarily into a broad sector northeast of the source volcano
owing to prevailing wind directions (Table 5-2}.

Relatively small volumes (< 0.1 km’) of basaltic and
basaltic-andesite tephra have been erupted at many vents during
Holocene time. Such eruptions have been far less explosive than
more silicic eruptions and have produced cinder cones and tephra
deposits that are restricted chiefly to within a few tens of
kilometers downwind. Similar small-volume eruptions of tephra are
anticipated in the future at new vents within fields of basaltic
volcanism in the Cascade Range ({section 4.15).

3.4 Emission of volcanic gases

All magmas contain dissolved gases that are released both
during and between eruptive episodes. Volcanic gases generally
consist predominantly of steam (H.O0), followed in abundance by
carbon dioxide and compounds of sulfur and chlorine (Wilcox, 1959;
Thorarinsson, 1979). Minor amounts of carbon monoxide, fluorine
and boron compounds, ammonia, and several other compounds are
found in some volcanic gases.

The distribution of volcanic gases is mostly controlled by
the wind; they may be concentrated near (1-10 km) a vent but
become diluted rapidly downwind. Even very dilute gases can have
a noticeable odor and can harm plants and some animals tens of
kilometers downwind from a vent.

Within about 10 km of a vent, volcanic gases can endanger
life and health as well as property. Acids, ammonia, and other
compounds present in volcanic gases can damage eyes and
respiratory systems of people and animals, and heavier-than-air
gases, such as carbon dioxide, can accumulate in closed
depressions and suffocate people or animals. Corrosion of metals
and other susceptible materials can also be severe (Crandell and
others, 1984; Blong, 1984).

3.5 Other hazardous events associated with volcanic activity

In addition to flowage, tephra, and gas hazards associated

with volcanic eruptions, seismicity that typically precedes and
accompanies eruptions, and atmospheric shock waves resulting from

explosions can be hazardous to structures and people. The most
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severe effects of volcanic seismicity are chiefly limited to
within a few tens of kilometers of a vent, while atmospheric shock
waves can be hazardous at much greater distances.

3.5.1 Volcanic seismicity

Three main sources of earthquakes in the vicinity of
volcanoes (Blong, 1984) are (1) those generated by the movement of
magma or by formation of cracks through which magma can move, and
those resulting from gas explosions within a conduit; {2} other
earthquakes that result from readjustments of a volcanic edifice
following eruption or movement of magma, and (3) tectonic
earthquakes, which may also facilitate the rise of magma.

Volcanic earthquakes belonging to the first category rarely have
Richter magnitudes greater than 5.0 (Okada and others, 1981;
Latter, 1981) and generally have foci at depths of less than 10
km. Damage from such earthquakes is limited to a relatively small
area (Rittmann, 1962, Shimozuru, 1972).

The relationship between volcanic activity and earthquakes of
categories 2 and 3 above is less well understood. Few
quantitative data are available concerning the maximum magnitude
of such earthqguakes, although events larger than magnitude 5 have
been described. A sequence of tectonic earthgquakes that occurred
near Mammoth Lakes, California, in 1980 included four events of
magnitude 6+ (Urhammer and Ferguson, 198l); these may have been
triggered by magmatic processes (Bailey, 1981). One of the
largest earthquakes of possible magmatic origin occurred at
Sakura-jima volcano, Japan, in 1914. The earthquake had a focal
depth of 13 km, a magnitude of 6.7 {(Shimozuru, 1972}, and caused
considerable damage and some loss of life in Kagoshima, 10 km from
the volcano. Earthguakes at least as large as magnitude 7.2 have
occurred on Kilauea volcano, Hawaii (Tilling and others, 1976} ;
however, these earthquakes are related to displacements of large
sectors of the volcanic edifice rather than to a specific volcanic
event (Swanson and others, 1976) and thus resemble tectonic
earthquakes.

In summary, earthquakes directly associated with movement or
eruption of magma seldom exceed a magnitude of about 5.0, and
structures at distances greater than a few tens of kilometers from
the volcano are not likely to be damaged by such events. Nuclear
power plants situated outside of the proximal-hazard zone (see
Chapter 5) are not likely to be damaged by volcanic seismicity.
Volcanoes located in geologic settings that are tectonically
active are likely to be at risk from tectonic earthquakes that are
far larger than volcanogenic ones. Power plants sited and
designed to withstand the maximum credible tectonic earthquake
should not be threatened by volcanogenic seismicity.

3.5.2 Atmospheric shock waves induced by eruptions

Eruption induced atmospheric shock waves are strong
compressive waves driven by rapidly moving volcanic ejecta.
Although most volcanic eruptions are not associated with such
waves, a number of examples are known. Some of the eruptions best
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known for this type of behavior are: Vesuvius, 1906 (Perret,
1912); Krakatau, 1883 (Verbeek, 1885, in Simkin and Fiske, 1983);
Tambora, 1815 (Stewart, 1820}; Sakura-jima, 1914 (Omori, 1916};
and Asama, 1958 (Aramaki, 1956). Air-shock waves can be
sufficiently energetic to damage structures far from their source.
The 1815 eruption of Tambora, on the island of Sumbawa, produced a
shock wave that broke windows at a distance of about 400 km
(Stewart, 1820). 1In 1883, a barograph deflection of about 7
millibars (0.7 kPa) was recorded 150 km from Krakatau (Strachey,
1888). Air shocks can apparently couple to the ground strongly
enough to cause damage to buildings at 100 km {Simkin and Howard,
1970).

Few quantitative observational data are available upon which
to construct a model relating shock strength (overpressure and
rate of compression), distance, and energy release. Considering
the uncertainties, the simple theory of self-similar motion is
adequate for a first approximation. This theory {(Thompson, 1972;
Landau and Lifshitz, 1959, Zeldovich and RaZzier, 1966} was
developed for the motion of the atmosphere in response to nuclear
blasts. The source pressures in volcanic explosions, however, are
much lower than those in nuclear blasts.

Assume (1) the atmosphere is uniform in structure and (2} is
at rest at the time of the eruption; (3} at time t = 0, a large
energy, E, is released at the volcano; (4) the dimensions of the
region over which E is released are small compared to the
distances of interest here; (5) the resulting motion of the
atmosphere is spherically symmetric. For shock pressures of 6
bars or more, the shock pressure will decay as 1/R®:

Ps = E/R3 ,
{1 bar = 1 X 10° dyne cm ?)
{1l erg = 1 dyne-cm)
{1 cm =1 X 10°° km)

where Ps is the pressure immediately behind the shock front, R is
the radial distance from the source, and E is the energy of the
shock wave. Volcanologists currently consider about 500 bars as
an upper limit to the initial value of Ps (Self and others, 1979:
Kieffer, 1981). The value here assigned to E is 5 x 10** ergs,
the energy thought to have been dissipated in the atmosphere by
the 1883 eruption of Krakatau (Press and Harkrider, 1966), perhaps
the greatest explosion ever recorded. This eruption was of the
same order of magnitude as the climactic eruption of Mount Mazama
6850 yr ago (Friedman and others, 1981; Simkin and others, 1981),
taken here as the largest credible future eruption of a Cascade
volcano. Using the Krakatau energy value,

Ps = 5 x 10** /R*.
This equation holds approximately between the source and the
radial distance at which P, decays to about 6 bars, about 9 km.
Beyond this distance, strong shock theory is inappropriate, and
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the pressure decays approximately as 1/R:
Ps /Pss = Rss /R,

where Pss is the pressure (6 bars) at the lower limit of the
strong shock regime, and Rss is the distance at the limit of the
strong shock approximation. For the case considered here (E = 5 x
10%* ergs, Rss = 9 km), Ps is about 1 bar at 50 km, the radius of
the proximal-hazard zone (Chapter 5), and is about 0.4 bars at 150
km (approximately 50 times the observed value at this range at
Krakatau). The wave would be calculated to decay to 0.1 bar, the
threshold for damage, at about 540 km. These overpressure
estimates are maximum values for at least two reasons. First the
energy we have used is probably an upper limit on the energy of
Krakatau. Secondly, the density structure of the atmosphere,
neglected in this formulation, tends to reduce the pressure by a
factor of 2 to 3 in the region of a few tens to hundreds of
kilometers.

A more empirical approach is to take the observed damage
threshold distance, assume an overpressure of 0.1 bar, then
calculate the overpressure at lesser distances. The 1883 eruption
of Krakatau caused windows to break at 150 km from source
(Verbeek, 1885, in Simkin and Fiske, 1983, p. 202). Accordingly,
Rss = 2.5 km. Then, E = 9 x 10?*? ergs, and Ps = 0.3 bar at 50 km.

Based on the preceding analyses, a reasonable worst-case
overpressure range for large eruptions of Cascade volcanoes at 50
km, the margin of the proximal-hazard zone, is about 0.3-1.0 bars.

One of the only detailed calculations done of atmospheric
response to an observed volcanic eruption event is that of
Bannister (1984), in which he calculated the response of the
atmosphere within 1000 km to the accelerations of the May 18 blast
at Mount St. Helens. The calculated overpressures were in good
agreement with barograph records observed in the range 50 to 400
km. The peak positive overpressure at 10 km was 1600 Pa (0.16
bar) and at 50 km was nearly 400 Pa (0.04 bars). These pressures
are directly dependent on the initial velocity and time history of
the ejecta. Since ejecta velocities substantially larger than the
147 m/s used by Bannister for the Mount St. Helens ejecta are
plausible, higher overpressures for larger events are conceivable.
These cannot be predicted without numerical modelling, but we
believe that overpressures that could exceed the Mount St. Helens
example by factors of 2, 3, or 5 are plausible. This reasoning
supports the above estimates of worst case overpressures of
several tenths of a bar. These estimates, however, are too poorly
supported to be used as design criteria. If eruption-induced
overpressures are to be considered in design, we recommend that
additional research be undertaken to develop better-constrained
overpressure estimates.
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CHAPTER 4

ERUPTIVE HISTORY AND VOLCANIC-HAZARDS ASSESSMENT
FOR CASCADE VOLCANOES

4.1 Introduction

This chapter briefly describes the eruptive history of each
major Cascade Range volcano and assesses the potential hazards
around those volcanoes from future eruptions. Eruptions of the
relatively recent geologic past are emphasized because the
volcanic behavior they represent probably best characterizes the
most expectable types of activity within the next 100 yr. For
most volcanoes, we review the Holocene {past 10,000 yr) record in
most detail. However, the Pleistocene {(10,000-1.8 million yr ago)
eruptive record is discussed at volcanic centers that had little
activity in Holocene time or that had markedly different activity
in Pleistocene than in Holocene time. The past activity and
potential hazards from eruptions of basaltic volcanoes and
volcanic fields of the Cascade Range are also described.

We use several terms in this and subsequent chapters to refer
to intervals of geologic time, in addition to Holocene and
Pleistocene. The Pleistocene and Holocene Epochs comprise the
Quaternary Period. The past 20,000 yr is called the latest
Quaternary. We subdivide the Pleistocene into 3 parts: early
{1.8 million-730,000 yr ago}), middle (730,000-125,000 yr ago}, and
late (125,000-10,000 yr ago). We also define time intervals based
on regional glacier expansions and recessions. The late Wisconsin
glaciation in the Cascades culminated between 22,000 and 18,000 yr
ago and largely ended between 14,000 and 12,500 yr ago {Porter and
others, 1983). We use the term late glacial to refer to the time
period between 20,000 and 15,000 yr ago;, postglacial refers to the
past 12,000-15,000 yr.

Many ages for deposits and events between several hundred and
40,000 yr old reported in this and subsequent chapters are based
on radiocarbon dates. Owing to variations in the radiocarbon
content of the atmosphere during this time period, a given
radiocarbon date does not necessarily represent an equal number of
calendar years (e.g., Pearson and Stuiver, 1986, Stuiver and
others, 1986, Stuiver and Pearson, 1986). For radiocarbon dates
less than about 3000 yr the difference between radiocarbon years
and calendar years is as much as 200 yr. In contrast,
corresponding calendar dates for radiocarbon dates between 3000 yr
and 7000 yr, are as much as 1000 yr greater than the radiocarbon
dates. For example, the climactic eruption of Mount Mazama has a
radiocarbon date of 6845 yr (Bacon, 1983); however, the
corresponding calendar date is about 7600 yr. We have not
corrected any of the radiocarbon dates used in this report. Dates
for events based on historical records or tree-ring studies are
given as calendar years A.D.

Names of volcanic rocks are based on silica content. Basalts
have less than 53% silica, basaltic andesites have 53-58%,
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andesites have 58%-63%, dacites have 63-68%, and rhyolites, with
which we include rhyodacites, have more than 68%.

A compilation of the eruptive activity of the volcanoes, upon
which most of the following discussion is based, is contained in
Appendix A. We stress that, for at least 4 reasons, the
compilation is incomplete. First, all volcanoes have not been
studied in the same detail. Second, the difficulty in determining
the origin of some products of volcanism may prevent correct
interpretation of past volcanic events. Third, the stratigraphic
record is incomplete owing to erosion and to burial of some
deposits by those of subsequent eruptions. Fourth, some volcanic
events, even highly energetic ones, may leave no deposit or only a
deposit that is very thin and difficult to find and interpret.

For these reasons, the compilation should be regarded as only a
minimum representation of Cascade volcanism.

The compilations are used to determine minimum frequencies of
past events at each volcano and to draw graphs showing the
frequency distribution of the lengths of each type of flowage
deposit at each volcano. In Chapter 5, we use this information to
define hazard zones around the volcanoces. A great uncertainty
exists in estimating the lengths of past lahars and pyroclastic
flows. Field evidence seldom reveals the distal end of these
flowage deposits, so the farthest downvalley extent of a deposit
provides only a minimum estimate of its distance traveled. Thus,
distances traveled reported here are minimum values. Lengths of
lava flows are typically more reliable.

Most of the plots of frequency versus length or minimum
distance traveled show the expectable inverse relationship--events
that affect areas close to a volcano are more numerous than those
that affect more distant areas. However, the 0-to-5-km class of
lahars and pyroclastic flows at many volcanoes record fewer events
than do longer distance classes. There are at least four reasons
why the 0-to-5-km class is under-represented:. (1) Small-volume
deposits are less apt to be recognized than large-volume ones, (2)
on steep slopes the deposits are typically thin and easily eroded,
({3) some large-volume and highly energetic flowage phenomena are
erosive near their sources and may not leave any deposits, and (4)
small deposits may accumulate at valley heads in debris fans and
may not be well exposed for study.

4.2 Mount Baker

4.2.1 Eruptive history

Mount Baker (Fig. 4-1) is a Pleistocene stratovolcano of
chiefly andesite lava flows and pyroclastic debris that overlaps
rocks of an older eruptive center (Coombs, 1939), which are dated
at about 400,000 yr (Easterbrook and Rahm, 1970). Construction of
the present cone was largely completed prior to late Wisconsin
glaciation. Postglacial events (Appendix A, Figs. 4-2 to 4-5) are
dominated by debris avalanches and lahars, which repeatedly flowed
down valleys that head on the volcano. Eruptions also produced
tephra falls, lava flows from both summit and satellite vents, and
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Figure 4-2. Bar graph showing number versus minimum distance
traveled for postglacial lahars and debris avalanches at
Mount Baker, Washington (data in Appendix A).
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Figure 4-3. Plot showing cumulative number versus minimum
distance traveled for postglacial lahars and debris
avalanches at Mount Baker, Washington (data in Appendix A).
Numbers above the data points are percentages of lahars and
debris avalanches whose minimum distances traveled equal or
exceed the indicated distance.
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Figure 4-4. Bar graph showing number versus minimum length for
postglacial lava flows at Mount Baker, Washington (data in
Appendix A).
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Figure 4-5. Bar Graph showing number versus minimum distance
traveled for postglacial pyroclastic flows at Mount Baker,
Washington (data in Appendix A).
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pyroclastic flows and accompanying pyroclastic surges (Hyde and
Crandell, 1978). Many of the debris avalanches and lahars are not
directly associated with evidence of magmatic eruptions, and may
have been triggered by minor phreatic eruptions, earthquakes, or
in other ways.

Historical activity of Mount Baker includes several
explosions during the mid-19th century (Coombs and Howard, 1960)
and numerous small-volume debris avalanches between 1958 and 1979
(Frank and others, 1975, Frank, 1983). Beginning in 1975,
heightened thermal activity manifested by increased fumarolic
emission and by melting of ice and snow near the summit caused
concern that an eruption might be imminent (Frank and others,
1977).

4.2.2 Volcanic-hazards assessment

The postglacial record of activity at Mount Baker indicates
that the greatest potential hazard is from debris avalanches and
lahars of hydrothermally altered material and related floods in
the valleys draining the volcano (Frank and others, 1977, Hyde and
Crandell, 1978; Frank, 1983). Large-volume events of these types
have repeatedly affected the valleys, the mean frequency of these
events during the past 600 yr has been about once per 150 yr (Hyde
and Crandell, 1978). Parts of valleys on and close to the volcano
have been affected much more frequently. Large floods related to
lahars or other types of eruptive activity could inundate the
flood plains of the Nooksack and Skagit Rivers to their mouths.
However, the hydroelectric dams and reservoirs on the Baker River
{a tributary of the Skagit) could trap debris avalanches, lahars,
and floods and reduce hazards in downstream areas (Hyde and
Crandell, 1978). An analysis by Shreve (in Frank and others,
1977) indicates that debris avalanches and lahars of similar size
to those of postglacial age would probably not generate waves high
enough to overtop the dam of Baker Lake, if the reservoir were at
a low to intermediate level.

An event of low probability, but of potentially serious
consequences, would be a debris avalanche or lahar of a volume
unprecedented at Mount Baker in postglacial time (Frank, 1983).
Such an event would require disrupting a large part of the edifice
at one time. The potentially huge volume of hydrothermally
altered, clay-rich material present in the volcano and the
continual production of such material, coupled with steep slopes
and great topographic relief, suggest that such an event is
possible. An avalanche and lahar at Mount Baker could be as large
as the 600-yr-old Electron Mudflow at Mount Rainier, which had a
volume of more than 0.15 km® and inundated valley bottoms more
than 50 km away (Crandell, 1971). If an avalanche or lahar of
similar or larger volume were to descend the east flank of the
volcano and enter Baker Lake while the reservoir level were high,
a wave large enough to overtop the dam might be generated, which
would have catastrophic consequences downstream. Lava flows,
pyroclastic flows, and pyroclastic surges have occurred less
frequently at Mount Baker than debris avalanches and lahars and
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therefore are considered less likely to occur in the future (Hyde

and Crandell, 1978). During postglacial eruptions, lava flows
have been confined to within 15 km of the volcano (Fig. 4-4; Hyde
and Crandell, 1978). Future lava flows are unlikely to extend

much farther unless they erupt from satellitic vents on the distal
flanks of the volcano. Hyde and Crandell (1978) show areas that

. could be affected by future pyroclastic flows and surges limited

to within 15-25 km of the volcano based on the extent of
postglacial deposits they recognized. Heller and Dethier (1981)
found a postglacial pyroclastic-flow deposit in the lower Baker
River valley which suggested to them that the hazard zone of Hyde
and Crandell (1978) should be extended by 5 km.

One tephra eruption at Mount Baker in postglacial time had an
estimated volume of 0.1-0.2 km®; two or three others had volumes
less than 0.1 km® (Appendix A). Hyde and Crandell {1978) estimate
that beyond 50 km from the volcano, tephra thicknesses from future
eruptions of similar size will probably not exceed 5 cm. Based on
its past activity (one tephra eruption equal to or exceeding 0.1
km®> in the past 12,000 yr), the probability of such an explosive
eruption in any one year is about 1 X 10°*. The dominantly
andesitic composition of Mount Baker products suggests that tephra
eruptions of more than a few tenths of a cubic kilometer are much
less likely than at volcanoces that erupt more silicic magmas.

4.3 Glacier Peak

4.3.1 Eruptive history

Glacier Peak (Fig. 4-6), geographically the most remote of
the Cascade volcanoes, is a Pleistocene and Holocene composite
volcano composed chiefly of dacite, with a minor amount of basalt
erupted from satellitic vents (Tabor and Crowder, 1969, Beget,
1982, 1983). Large explosive eruptions about 11,000-12,000 yr ago
{Appendix A) produced: (1) two tephra-fall deposits of large (>1
km® , dense-rock equivalent) volume, which are widely distributed
east of the volcano (Lemke and others, 1975, Porter, 1978, Sarna-
Wojcicki and others, 1983; Mehringer and others, 1984), (2) seven
tephra falls of small {0.01-0.1 km®) volume (Porter, 1978), and
{3) many pyroclastic-flow deposits and lahars that form thick
{locally >100 m) fills in the valleys that head on the volcano

(Tabor and Crowder, 1969; Beget, 1982, 1983). The two large
tephra eruptions were separated in time by probably no more than a
few centuries (Mehringer and others, 1984). Tephra of each

eruption is about 1 m thick at a distance of 50 km downwind from
the volcano, and about 0.5 m thick at a distance of 70 km (Fig. 3-
1l; Porter, 1978). These deposits represent two of the largest
Cascade tephra eruptions of postglacial time, although they are
less voluminous than the tephra fall that accompanied the
climactic eruption of Mount Mazama (about 34 km®, dense-rock
equivalent).

Pyroclastic flows associated with the eruptive period of
11,000-12,000 yr ago traveled as far as 15 km from the volcano
{Figs. 4-7 and 4-8), and lahars reached areas along the
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Figure 4-6. Location map of Glacier Peak, Washington.
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Washington (data in Appendix A).
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Figure 4-8. Plot showing cumulative number versus minimum
distance traveled for postglacial pyroclastic flows at Glacier
Peak, Washington (data in Appendix A). Numbers above the data
points are the percentages of pyroclastic flows whose minimum
distances traveled equal or exceed the indicated value.
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Stillaguamish and Skagit Rivers more than 100 km from the volcano
(Figs. 4-9 and 4-10; Beget, 1982, 1983).

Beget (1982, 1983) also describes Holocene eruptions,
associated with dome extrusion near the summit, which produced
lahars, pyroclastic flows, and minor tephra. The tephra and
pyroclastic flows were less extensive than those of the eruptive
period of 11,000-12,000 yr ago. Several Holocene lahars extended
tens of kilometers downvalley, and two reached distances of more
than 100 km.

4.3.2 Volcanic-hazards assessment

Beget (1982, 1983) proposed tephra-hazard and flowage-hazard
zones for future eruptions at Glacier Peak that were based on
postglacial volcanic activity and the frequency with which areas
had been affected by volcanic events. The zones of highest hazard
from lahars and pyroclastic flows extend 25-30 km from the volcano
down valleys that have been affected by these phenomena at least
as often as once per 1000-3000 yr. A zone of intermediate hazard
from lahars extends another 30 km downstream to the Skagit River.
This zone has been inundated several times during the past 3000-
6000 yr. Zones of low hazard from lahars include the lower 70 km
of the Skagit River valley and its delta, and the entire
Stillaguamish River valley. These areas were affected by lahars
and floods during the major eruptive period of 11,000-12,000 yr
ago; the lower Skagit was also affected by lahars about 5000 yr
ago.

Future eruptions of large volume are likely to form thick
fills of lahars and pyroclastic-flow deposits in the upper parts
of valleys that head on the volcano. Subsequent incision of these
deposits would aggrade valley floors farther downstream with
sediment for many years after the eruption, thereby affecting the
capacity of stream channels and locally increasing heights of
floods. These effects would be especially significant for the
extensive low-lying areas of the Skagit River flood plain and
delta.

The tephra-hazard zones of Beget (1982, 1983) suggest that
the most likely volume of future tephra eruptions would deposit no
more than a few centimeters of tephra at a distance of 50 km. A
large tephra eruption similar to those of 11,000-12,000 yr ago,
which could deposit 1 m of tephra at 50 km, is less likely. On
the basis of postglacial activity, the annual probability of such
an eruption is about 2 X 10°*‘ (Table 5-1). Glacier Peak's past
behavior and composition of eruptive products suggest that it
could erupt enough tephra to affect hundreds of thousands of
square kilometers.

The risks to people and property from catastrophic lateral
blasts, which could affect broad areas around the volcano out to
35 km, are low at Glacier Peak because of its remote location.
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Washington (data in Appendix A). Numbers above the data
points are the percentages of lahars whose minimum distances
traveled equal or exceed the indicated value.
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4.4 Mount Rainier

4.4.1 Eruptive historvy

The construction of Mount Rainier volcano (Fig. 4-11)
probably began in early or middle Pleistocene time (Crandell,
1963; Crandell and Miller, 1974). Multiple lahars, alluvium, and
layers of volcanic ash, all presumably derived from Mount Rainier
or its ancestor, are interbedded with glacial deposits in the
southeastern Puget Sound lowland. Some of these deposits have
reversed magnetic polarities and are older than an 840,000-yr-old
layer of volcanic ash (Easterbrook and others, 198l1; Easterbrook
and others, 1985). The bulk of the present cone consists of
andesite lava flows (Fiske and others, 1963) with normal magnetic
polarity, and are therefore probably less than 730,000 yr old;
limited K-Ar dating supports this conclusion (Crandell and Miller,
1974). Erosion, chiefly by glaciers and debris avalanches, has
predominated over cone building during the past 100,000 yr at
Mount Rainier.

Postglacial eruptive activity at Mount Rainier (Appendix A)
produced 11 layers of tephra, at least one pyroclastic flow that
was restricted to within 10-15 km of the summit, and the summit
lava cone (Crandell and Mullineaux, 1967; Crandell, 1969;
Mullineaux, 1974). More than 60 debris avalanches and lahars
(Figs. 4-12 and 4-13) swept down valleys heading on the volcano;
the largest reached an arm of Puget Sound more than 100 km awvay
(Crandell, 1971). Many of the large debris avalanches and lahars
contain much hydrothermally altered material (Crandell, 1971);
such material is still being produced by the volcano's active
hydrothermal system (Frank, 1985).

The last major eruptive period at Mount Rainier occurred
between about 2,500 and 2,200 years ago and produced a lava cone
at the summit of the volcano, many lahars in several valleys, a
pyroclastic flow on the west side of the volcano, and the most
voluminous Mount Rainier tephra of postglacial time (Crandell and
Mullineaux, 1967; Crandell, 1969). The tephra is about 15 cm
thick 12 km east of the summit of the volcano and 8 ¢m at 25 km.
Mullineaux (1974) estimated its original volume to be about 0.30
km®

The largest known explosive eruption of Mount Rainier
occurred between about 30,000 and 100,000 years ago and is
recorded by a pumice deposit that has been recognized northeast,
east, and southeast of the volcano. The deposit is about 2 m
thick at a site 12 km northeast of the present summit (D.R.
Crandell, written commun., 1986). 1Its distribution and thickness
farther east are not known, nor is it known whether the thickness
of 2 m occurs along the axis of the lobe. This thickness at 12 km
is greater than that of tephra layer ¥n at a similar distance from
Mount St. Helens (Mullineaux, 1986) but less than that of layers B
and G from Glacier Peak (Fig. 3-1; Porter, 1978). Layers Yn, B,
and G all have estimated volumes equal to or more than 1 km®
{Crandell ‘and Mullineaux, 1978, Porter, 1978). The limited
thickness data for the tephra layer at Mount Rainier suggest that
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Figure 4-12. Bar graph showing number versus minimum distance
traveled for postglacial lahars and debris avalanches at
Mount Rainier, Washington (data in Appendix A).
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it may have had a comparable volume (1-10 km’). Therefore, the
volume of this late Pleistocene tephra is probably at least one
order of magnitude greater than that of the most voluminous tephra
of postglacial age.

4.4.2 Volcanic-hazards assessment

Eleven pumice-producing eruptions occurred at Mount Rainier
during postglacial time (Mullineaux, 1974). The most likely
future eruptive event, based on the Holocene history of the
volcano, is a tephra eruption of small volume (Crandell, 1973},
probably between 0.01 and 0.1 km®. The probability of such an
eruption in any one year, inferred from data in Appendix A, is
about 1 X 10°® (Table 5-1). The effects of such an eruption would
be minor beyond a distance of 50 km. The annual probability of an
explosive eruption producing more than 0.1 km’ of tephra, which
would have serious effects beyond 50 km, is about 1 X 10°*
{Appendix A; Table 5-1).

An explosive eruption like that between 30,000 and 100,000 yr
ago at Mount Rainier is even less likely. Other explosive
eruptions may have occurred during that period, but their products
have been removed or buried. The likelihood of such an eruption
in any one future year is less than 1 X 10°*, and may be as low as
1 X 10°° .

The most likely future hazardous events at Mount Rainier are
debris avalanches, lahars, and floods like those of the past that
have repeatedly swept down the valleys heading on the volcano
{Crandell and Mullineaux, 1967, Crandell, 1973). The frequency
with which lahars have affected areas more than 20 km from the
volcano (Appendix A), suggests that the annual probability of such
an event is about 1 X 10°°®. Larger, more hazardous events
extending to distances of more than 50 km have an annual
probability one order of magnitude less (1 X 10°*). Large-volume
events such as these could reach beyond the mountain front into
the Puget Sound lowland and could inundate tens to hundreds of
square kilometers in relatively densely populated areas.

The largest debris avalanches and lahars at Mount Rainier
originated from parts of the volcano that contained large volumes
of hydrothermally altered material (Crandell, 1971). Frank (1985)
concludes that the upper west flank and the summit provide the
largest potential sources of this material. This distribution
suggests that any side of the volcano could be affected, but that
the valleys that head on the west and northeast sides of the
volcano are particularly vulnerable to large debris avalanches and
lahars. Debris avalanches of large volume probably are most
likely during eruptions but could also occur during dormant
periods (Crandell, 1971; Frank, 1985).

All of the major rivers that drain Mount Rainier, except the
Puyallup-Carbon, are dammed at distances that range from 40-80 km
downvalley from the summit. If reservoirs were empty or nearly
so, these dams could contain all but the very largest expectable
lahars and floods.
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4.5 Mount Adams

4.5.1 Eruptive history
Mount Adams (Fig. 4-14) is composed of lava flows and

fragmental rocks of basaltic andesite and andesite; numerous
satellitic vents on the flanks of the volcano have erupted rocks
ranging from basalt to dacite (Hildreth and others, 1983). Most
of the main cone is younger than 220,000 yr. Seven postglacial
lava flows (Fig. 4-15) issued from flank vents (Hildreth and
others, 1983), the youngest of which is between 6850 and 3500 yr
old (J. W. Vallance, personal commun., 1986). Debris avalanches
and lahars (Fig. 4-16 and 4-17) affected several valleys around
the volcano during postglacial time; the longest lahar extended at
least 52 km from the volcano (Hopkins, 1976; Vallance, 1986). A
large amount of hydrothermally altered material in this and one
other lahar and in one debris avalanche implies they originated as
avalanches of wet, altered, clay-rich debris from near the summit
{Vallance, 1986). The youngest such event was a debris avalanche
that descended the southwest flank in 1921 A.D. Numerous debris
flows generated by glacial and meteorologic processes occur
frequently at Mount Adams, but typically affect areas within only
a few kilometers of the volcano (J. W. Vallance, personal commun.,
1987). Postglacial eruptions and weak, diffuse fumarolic
emissions in the summit area suggest that the volcano is capable
of erupting again (Hildreth and Miller, 1984).

4.5.2 YVolcanic-hazards assessment

The postglacial record of volcanic activity at Mount Adams
(Appendix A, Figs. 4-15 to 4-17) indicates that the most likely
events to occur in the future are eruptions from flank vents to
form scoria cones and lava flows, and debris avalanches and lahars
(Vallance, 1986). Lava flows would probably extend no farther
than 10 km from their vents, which might lie as far as 10 km from
the summit of the volcano. Therefore, the direct effects of lava
flows are likely to be restricted to within 20 km of the summit of
the volcano. Lava-flow eruptions, especially those on the upper
part of the cone, could generate lahars and floods by melting ice
and snow, and thereby affect valley bottoms far downstream.

Debris avalanches and lahars have originated on the southwest
flank of Mount Adams with a mean frequency of about one per 1500
yr during the past 6000 yr (Vallance, 1986). No evidence
indicates that any were accompanied by eruptive activity. The
presence of hydrothermally altered material on the steep southwest
and east flanks near the summit suggests that these areas are
probable sources of future avalanches and lahars, similar in size
to those of postglacial age.

A less likely event on Mount Adams is a debris avalanche and
lahar perhaps an order of magnitude more voluminous than the
largest of postglacial age (Vallance, 1986). The greater the
quantity of hydrothermally altered material lying on the upper
slopes of the cone, the higher would be the probability for such
an event. Hydrothermally altered material does exist on the upper
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Figure 4-15. Bar graph showing number versus length for
postglacial lava flows at Mount Adams, Washington {(data in
Appendix A}.
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Figure 4-16. Bar graph showing number versus minimum distance
traveled for postglacial lahars and debris avalanches at
Mount Adams, Washington (data in Appendix A}.
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slopes, but its volume is poorly known because of extensive ice
cover (Vallance, 1986). If a very large debris avalanche were to
occur on the east or southwest flank, lahars could reach the
Columbia River, at a point that is impounded by Bonneville Dam.
Similar events on the northwest or north flank could send lahars
down the Lewis and Cispus-Cowlitz River valleys. In both of these
drainages, dams 50-60 km downstream from Mount Adams could trap
the lahars and associated floods, particularly if the reservoirs
had been drawn down prior to the event.

4.6 Mount St. Helens

4.6.1 Eruptive historvy

Mount St. Helens (Fig. 4-18) is among the youngest of the
major Cascade volcanoes, has been the most active of these in
postglacial time (Appendix A), and is currently the only erupting
volcano in the range. The following summary of the eruptive
history of the volcano is taken Mullineaux and Crandell (1981},
Mullineaux (1986}, and Crandell (in press), who in part summarize
numerous previous reports. From its inception about 40,000 yr ago
until about 2500 yr ago, Mount St. Helens erupted chiefly dacite
and minor silicic andesite; since 2500 yr ago the volcano has
produced a more diverse suite ranging from basalt to dacite.

Three eruptive stages are recognized before about 4500 yr ago
({Crandell, in press). FEach lasted several thousand years and was
separated from the preceding stage by an apparently dormant
interval that lasted several thousand years. The current, or
Spirit Lake, eruptive stage began about 4500 yr ago. It consists
of seven eruptive periods from several decades to several
centuries long separated by apparently dormant intervals as long
as 650 yr. The current eruptive period followed a dormant
interval of 123 yr. Eruptive stages that preceded the Spirit Lake
stage also included alternating eruptive periods and dormant
intervals.

Although somewhat different patterns and character of
activity occurred during each of Mount St. Helens' eruptive
periods, they share many similarities. All included explosive
eruptions of tephra. These varied from eruptions whose effects
were negligible beyond a few tens of kilometers to eruptions that
deposited several tens of centimeters of tephra 50 km from the
volcano and several centimeters hundreds of kilometers away.
Tephra layer ¥Yn (Fig. 3-1), which was erupted about 3500 yr ago,
is, after Mazama ash, the most voluminous Holocene tephra in the
Cascade Range. Most eruptive periods included pyroclastic flows
and related pyroclastic surges that swept several kilometers to
almost 20 km down valleys (Figs. 4-19 and 4-20). Lahars inundated
valley bottoms tens of kilometers from the volcano and, during a
few eruptive periods, reached the Columbia River more than 100 km
away (Figs. 4-21 and 4-22). Extrusion of lava domes probably
occurred during each eruptive period. Dome building was
restricted to the summit and flanks within 3 km of the summit;
however, the indirect effects of dome building, such as
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Washington (data in Appendix A). Numbers above data points
are percentages of lahars whose minimum distances traveled
equal or exceed the indicated value.

49



pyroclastic flows and lahars, extended far beyond the flanks of
the volcano. Lava flows were produced mainly within the last 2500
yr; these affected areas chiefly within 10 km of the volcano,
although two lava flows reached almost 20 km away (Figs. 4-23 and
4-24).

The initial highly explosive activity of the present eruptive
period, which began on May 18, 1980 following several months of
small phreatic explosions, included a great debris avalanche and
lateral blast that devastated areas in a broad sector 20-30 km
north of the volcano {(Christiansen and Peterson, 1981). Lahars
reached the Columbia River by way of the Toutle and Cowlitz Rivers
and obstructed the deep-water shipping channel. Smaller lahars
were generated in all of the other drainages heading on the
volcano. Tephra was deposited over a broad region east of the
volcano, adversely affecting people as far away as eastern
Montana. Pyroclastic flows extended northward as far as 7.5 km
from the vent. Activity after May 18 included small explosive
eruptions of tephra and pyroclastic flows, generation of lahars,
and growth of a composite lava dome in the volcano's new crater.

4.6.2 Volcanic-hazards assessment

The initial volcanic-hazards assessment for Mount St. Helens
({Crandell and others, 1975; Crandell and Mullineaux, 1978)--based
on the eruptive events of the past 4500 yr--accurately anticipated
the effects of most of the eruptions of the present eruptive
period. Exceptions were the unprecedented magnitude (for Mount
St. Helens) of the debris avalanche and lateral blast of May 18,
1980 (Miller and others, 198l1). The events of May 18, which
formed a large crater open to the north, drastically altered the
form of the volcano. This prompted a revised hazard assessment
(Miller and others, 1981), which pointed out the relatively
greater hazard from flowage events and lateral explosions on the
north flank of the volcano than in other sectors. Subsequently,
Scott (1986) determined lahar-inundation frequencies for the
Toutle-Cowlitz flood plains. In addition, Newhall (1982, 1984)
developed a method for quantifying the risks to people in areas
around the volcano from future eruptions.

Based on the past behavior of Mount St. Helens (Appendix A),
the most likely events to occur during the course of the present
eruptive period include dome building with related pyroclastic
flows, minor tephra eruptions, and generation of lahars and
floods. These events will chiefly affect areas along the valley
of the North Fork Toutle River. Other likely events include
extrusion of lava flows and explosive eruptions of tephra and
related pyroclastic flows.

During past eruptive periods, such as the Kalama period of
500-350 yr ago (Hoblitt and others, 1980}, the mean annual
frequency of lahars and pyroclastic flows affecting areas within
10-20 kxm of the volcano increased greatly over the longer term
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mean annual frequency, which included repose intervals as well as
eruptive periods. Annual probabilities of such events estimated
from the Kalama period (Appendix A), which we infer are applicable
to the present eruptive period, are more than 1 X 107 '.

Voluminous lahars, which occur less often, could affect areas
far beyond a distance of 20 km. A recent study of the Toutle
River valley (Scott, 1986) concludes that lahars or lahar-runout
flows large enough to inundate flood plains 50 km or more from the
volcano have an annual probability of at least 1 X 10°%.
Generation of lahars in the Toutle River basin and erosion of
deposits of the current eruptive period will continue to aggrade
river channels and flood plains farther downstream and will
increase flood peaks in the lower Toutle and Cowlitz River valleys
and in the Columbia River near the mouth of the Cowlitz (U.S. Army
Corps of Engineers, 1984).

In the near term (the next 1-10 yr), large explosive
eruptions with widespread tephra fall and pyroclastic flows are
less likely than continued dome building. The annual probability
of a large (>0.1 km®) explosive eruption is about 1.5 X 10°* for
the past 4500 yr and 8 X 10°*® for the past 500 yr (Appendix A;

Table 5-1). It should be noted that two large tephra-producing
eruptions occurred just 2 yr apart, in 1480 and 1482 A.D., during
the Kalama eruptive period (Yamaguchi, 1985). Voluminous tephra

deposits would result from high eruption columns; tephra falling
back onto the volcano from such columns would increase the
likelihood of pyroclastic flows and lahars affecting all flanks of
the volcano.

The Kalama and Lewis River valleys could also be affected by
eruptions if the present dome continued to grow and eventually
filled the crater. Pyroclastic flows from the upper part of the
dome could then descend other flanks of the volcano. If such
pyroclastic flows were as large as ones of the Swift Creek period,
those on the south side could move down the valley of Swift Creek
and enter Swift Creek Reservoir. Pyroclastic flows could also
melt snow on and beyond the south flank of the volcano and
generate lahars and floods that could reach the reservoir.

The Lewis River is dammed at three sites to form large
reservoirs, which could be used to trap all but the very largest
expectable floods and lahars provided they were drawn down in time
({Crandell and Mullineaux, 1978). The flood effects of a failure
of the Lewis River dams have been assessed for the Trojan Nuclear
Plant (Portland General Electric, 1980), which lies on the west
bank of the Columbia River across from the mouth of the Kalama
River. That report concludes that the flood height at the plant
site would be less than the design flood height.

4.7 Mount Hood

4.7.1 Eruptive history

Mount Hood (Fig. 4-25) is a composite volcano of chiefly
andesite and dacite lava flows and pyroclastic debris (Wise,
1969). The cone is probably less than 730,000 yr old because of
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{1) the absence of rocks with reversed magnetic polarity (White,
1980) and (2) a few K-Ar dates (Keith and others, 1985). 1Its past
eruptive behavior has been dominated by lava flows and domes and
by the generation of lithic pyroclastic flows and lahars.
Investigators have not found any major tephra-fall deposits
erupted from Mount Hood.

Mount Hood's stratigraphic record of late-glacial and
postglacial eruptions (the past 20,000 yr) contains evidence for
two eruptive stages separated by an apparent repose interval of
about 10,000-15,000 yr {(Crandell, 1980; Major and Burnett, 1984;
Cameron and Pringle, 1986). Both stages consisted of emplacement
of domes at or near the summit and related generation of
pyroclastic flows and lahars that moved down valleys heading on
the volcano (Appendix A, Figs. 4-26 to 4-29}).

The first eruptive stage, which consists solely of the
Polallie eruptive period, occurred late in the late Wisconsin
glaciation {(perhaps 15,000-12,000 yr ago) while glaciers larger
than those at present existed on the volcano. Pyroclastic flows,
related pyroclastic surges, and lahars spawned by emplacement of
dacite domes near the summit descended all flanks of the volcano;
lahars probably reached more than several tens of kilometers from
the summit along all of the valleys that head on the volcano.

A better known eruptive stage occurred during late Holocene
time and consists of three periods; each lasted for decades to
centuries and was separated by apparent repose intervals of
several centuries. The Timberline eruptive period occurred
between about 1800 and 1400 yr ago {Crandell, 1980; Cameron and
Pringle, 1986); the Zigzag occurred about 500 yr ago (Cameron and
Pringle, 1986); and the 0ld Maid occurred during the 18th and
early 19th centuries {(Crandell, 1980; Cameron and Pringle, 1986}.
Dacite domes were extruded just south of the summit during each of
these periods. The summit and prominent ridges extending
northwest and east of the summit deflected pyroclastic flows and
lahars into drainages on the southeast, south, and west flanks of
the volcano. However, one [(Crandell, 1980} or two [(Major and
Burnett, 1984) lahars of Holocene age flowed 34 km to the north
down the Hood River Valley. The farthest reaching effects of the
late Holocene eruptions were a few lahars and lahar runouts that
extended 50-60 km from the volcano down the Sandy River during the
Timberline period and the White River during the 0ld Maid period.

Only one lava flow was erupted during postglacial time
{Appendix A}. The vent for the 6-km-long Parkdale andesite flow
lies about 11 km north of the summit of Mount Hood. It is not
known whether this lava flow is related to the magmatic system of
Mount Hood or is part of the basaltic volcanoes and volcanic
fields of the Cascades discussed later.

Evidence of numerous lahars and floods formed by glacier
outburst floods and intense storms occurs in most drainages
heading on Mount Hood; the evidence lies within 15 km of the
volcano (Appendix A; P. Pringle, written commun., 1986). The 1980
lahar and flood described by Gallino and Pierson (1985) along
Polallie Creek is probably similar to many of these events.

54



30
28
26
24

22
20 -
18—‘
16
14 —
12

Number of Lohars

10

|
!

VA vzn ezn |

T i
0-5 5-10 10-15 15-20 20-30 30—40 40-50 50-100 >=100 ‘

AR

AN

Minimum Distance Traveled (lam)

Figure 4-26. Bar graph showing number versus minimum distance
traveled for late-glacial and postglacial lahars at Mount
Hood, Oregon (data in Appendix A).
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Filgure 4-27. Plot showing cumulative number versus minimum ,
distance traveled for late-glacial and postglacial lahars at Mount
Hood, Oregon (data in Appendix A). The numbers above the data
points are the percentages of lahars whose minimum distances
traveled equal or exceed the indicated value.
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Figure 4-28. Bar graph showing number versus minimum distance
traveled for late-glacial and postglacial pyroclastic flows
at Mount Hood, Oregon {data in Appendix A).
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Figure 4-29. Plot showing cumulative number versus minimum
distance traveled for late-glacial and postglacial
pyroclastic flows at Mount Hood, Oregon (data in Appendix A).
The numbers above the data points are the percentages of
pyroclastic flows whose minimum distances traveled equal or
exceed the indicated wvalue.
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4.7.2 Volcanic-hazards assessment

The Holocene activity at Mount Hood provides a good example
of the most likely types and sizes of eruptions that will occur in
the future, chiefly extrusion of dacite lava domes near the summit
and associated pyroclastic flows and lahars (Crandell, 1980).
During these events, the flanks of the volcano and valley bottoms
within 20 km of the volcano could repeatedly be affected by
pyroclastic flows and lahars. The largest lahars could inundate
areas as far as 60 km from the volcano. An even more extensive
consequence of voluminous lahars would be the deposition of large
amounts of sediment in the Columbia River at and downstream from
the mouth of the Sandy River, or in the lakes behind Bonneville
and The Dalles Dams, as a result of the subsequent flushing of
sediment from upstream areas.

Because of the current vent position on the south side of the
summit, lahars and pyroclastic flows related to future dome
extrusions are less likely in the Hood River Valley than along
other valleys. The opening of a new vent on the north flank, the
collapse of the summit, or the formation of a vertical eruption
column, however, would increase the probability of hazardous
events affecting the Hood River Valley.

Great relief, steep slopes, and large masses of
hydrothermally altered rock near the summit imply that the
greatest potential hazard at Mount Hood is a catastrophic debris
avalanche and lahar. A lahar thought to have occurred in late
Pleistocene time descended the Hood River Valley north of Mount
Hood and crossed the Columbia River (Vallance, 1985; 1986). Such
an event would cause total destruction along valley bottoms for
many tens of kilometers from the volcano. In addition to the
direct effects, secondary floods and lahars related to possible
catastrophic draining of debris-dammed lakes could cause even
greater downstream hazards, including voluminous sedimentation in
the Columbia River. 2An explosive lateral blast accompanying a
large debris avalanche could also affect broad sectors extending
as far as 35 km from the volcano.

Past Mount Hood eruptions have not produced voluminous tephra
falls. However, the dacitic composition of the recent eruptive
products suggests that large, explosive tephra-producing eruptions
are possible, although the estimated annual probability of these
is very low (Table 5-1).

4.8 Mount Jefferson

4.8.1 Eruptive history

Mount Jefferson (Fig. 4-30) is a composite cone of basaltic
andesite, andesite, and dacite erupted on several overlapping
basaltic shield volcanoes (Sutton, 1974; White and McBirney,
1978). The lava flows of both Mount Jefferson and the shield
volcanoes have normal magnetic polarities and thus are probably
less than 730,000 yr old.

The youngest known eruptive activity of Mount Jefferson
included explosive eruptions of dacitic to rhyolitic tephra and
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pyroclastic flows (Appendix A, Fig. 4-31) and the extrusion of
lava domes (Beget, 1981; Yogodzinski and others, 1983).
Relationship of the tephra to glacial deposits provides only broad
minimum ages for this activity. The eruptions pre-date the late
Wisconsin glaciation, which culminated between 22,000 and 18,000
yr ago, and probably also pre-date a glacial advance that occurred
between 40,000 and 150,000 yr ago. Other evidence that bears on
the age of the tephra comes from east-central Idaho. The lower of
two tephra layers near Arco, Idaho, (Pierce, 1985) is chemically
similar to the Jefferson tephra on the basis of preliminary work
by A. M. Sarna-Wojcicki (written commun., 1986). The younger of
the tephras near Arco has a fission-track age of 76,000 +/- 34,000
yr and is probably between 70,000 and 110,000 yr old (Pierce,
1985). The tephras occur in close stratigraphic succession in a
loess deposit, which implies that the Jefferson-like tephra is not
greatly older than the upper ash. This evidence suggests that if
the Jefferson-like tephra near Arco and the Jefferson tephra
described by Beget (1981) and Yogodzinski and others (1983) are
equivalent, the Jefferson tephra is between 70,000 and 120,000 yr
old.

The only known postglacial activity is small lahars and
floods on the lower flanks of the volcano (Fig. 4-32), which
probably resulted from non-eruptive processes. Postglacial
eruptions at vents in an area south of Mount Jefferson produced
scoria cones and lava flows. They are included in the discussion
of the basaltic volcanoes and volcanic fields of the Cascades.

4.8.2 Volcanic-hazards assessment

The hazard implications of Mount Jefferson's qQquiescence
during the past several tens of thousands of years is unclear. Is
the volcano now in a long repose interval that will end with an
explosive eruption, or are future eruptions unlikely? Owing to
evidence of previous explosive eruptions, a conservative
assessment would regard Mount Jefferson as a potentially explosive
volcano. On the basis of currently available data, we estimate
that the annual probability of a major explosive eruption is no
more than 1 X 10°° . However, this value would be revised upward
if future work determines that -the behavior in the past few
hundred thousand years has been characterized by short eruptive
periods separated by repose intervals as long as the present one.

The great relief and steep slopes of the volcano imply a
potential for voluminous debris avalanches and related lahars even
in the absence of eruptions. Such events could affect valley
floors 50 km or more away from the volcano. A more likely type of
activity would be small debris avalanches and lahars, similar to
those that occurred in postglacial time, which would chiefly
affect valley bottoms within 10 km of the volcano.
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Figure 4-31. Bar graph showing number versus minimum distance
traveled for late Pleistocene pyroclastic flows at Mount
Jefferson, Oregon (data in Appendix A).
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Figure 4-32. Bar graph showing number versus minimum distance
traveled for Holocene lahars at Mount Jefferson, Oregon |[data
in Appendix A).
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4.9 Three Sisters

4.9.1 Eruptive history
The Three Sisters area (Fig. 4-33) contains 5 large cones of

Quaternary age--North Sister, Middle Sister, South Sister, Broken
Top, and Mount Bachelor. {North Sister and Mount Bachelor are
discussed further in section 4.15). North Sister and Broken Top
are deeply dissected and probably have been inactive for at least
100,000 yr. Middle Sister is younger than North Sister (Taylor,
1981), and was active in late Pleistocene but not postglacial time
{Wozniak, 1982). South Sister is the least dissected; its
basaltic andesite summit cone has a well preserved crater (Wozniak
and Taylor, 1981). Most of South Sister predates late Wisconsin
glaciation and is therefore older than 25,000 yr;, however,
eruptions of rhyolite from flank vents have occurred as recently
as 2000 yr ago {Appendix A; Taylor, 1978; Wozniak, 1982; Scott,
1987).

The type and scale of eruptive activity in the Three Sisters
area have varied widely. Major explosive eruptions during middle
Pleistocene time (Sarna-Wojcicki and others, 1987; A. M. Sarna-
Wojcicki, personal commun., 1987) produced several large
pyroclastic flows and a pumice fall, whose deposits are exposed on
the east margin of the Three Sisters area from south of Bend to
Sisters (Taylor, 1978, 1981, Mimura, 1984; Hill, 1985). The
pumice-fall deposit is as thick as 13 m about 15 km from the
closest suspected vent area (Hill, 1985) and together with the
overlying pyroclastic-flow deposit records the eruption of at
least 20 km’ of magma (Mimura, 1984). Eruptions of this size have
formed calderas at other volcanoes (Smith, 1979) and suggest that
buried calderas may be present in the Three Sisters area.
Subsequent eruptions were smaller.

Holocene activity at South Sister consisted of two eruptive
periods between 2000-2300 yr ago separated by no more than a few
centuries (Taylor, 1978; Scott, 1987). Eruptions occurred at
numerous flank vents and produced rhyolite tephra, pyroclastic
flows, and lahars that were followed by extrusion of lava domes
and flows. Tephra fall was negligible beyond 30 km downwind from
vents, the other eruptive products were restricted to within a few
kilometers of vents (Figs. 4-34 to 4-36). Similar eruptions, but
somewhat more explosive and voluminous, accompanied emplacement of
dacite and rhyolite lava domes and flows during late Pleistocene
time at both South and Middle Sister. At least two such eruptions
probably occurred between 15,000-25,000 yr ago (Appendix A; W. E.
Scott, unpublished data).

Much of South Sister is composed of lava flows and
pyroclastic ejecta of basalt, basaltic andesite, andesite, and
dacite formed by eruptions that were presumably less explosive
than those involving more silicic magmas (Taylor, 1978, 1981;
Wozniak, 1982; Clark, 1983). Although the evidence has largely
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Figure 4-34. Bar graph showing number versus minimum distance
traveled for Holocene pyroclastic flows erupted from vents on
the flanks of South Sister volcano, Oregon (data in Appendix
A).
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Figure 4-35. Bar graph showing number versus minimum distance
traveled for Holocene lahars in the Three Sisters area,
Oregon (data in Appendix A). The longer lahars were
generated by floods caused by catastrophic draining of
moraine-dammed lakes and not by eruptive activity.
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Figure 4-36. Bar graph showing number versus length for lava
flows of late- and postglacial age from South Sister volcano,
Oregon (data in Appendix A). These include both rhyolite
lava flows from flank vents and basaltic andesite lava flows
of the summit cone, but exclude numerous basalt and basaltic
andeslte lava flows from volcanoes in the surrounding area.
These are discussed in section 4.15.
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been buried or eroded by glacial processes, Pleistocene eruptions
at South Sister were probably accompanied by lahars and floods
that affected areas many tens of kilometers downstream from the
volcano.

4.9.2 Volcanic-hazards assessment

The most likely type of future activity at South Sister is a
dacitic or rhyolitic eruption at one or more flank vents, similar
to the eruptions of Holocene time. Areas within 10 km (Figs. 4-
34 to 4-36) of the volcano would be affected by tephra fall,
pyroclastic flows, and lava flows and domes; thin (<1 cm) tephra
might fall as far away as 30 km. A few dacitic and rhyolitic
tephra-fall deposits of late Pleistocene age from vents on the
flanks of South and Middle Sister are an order of magnitude
thicker than the Holocene tephras at comparable distances from
vents (Appendix A; W. E. Scott, unpublished data}. This suggests
that pyroclastic eruptions more voluminous and explosive than the
Holocene eruptions are possible, although of much lower
probability. Eruptions of basaltic andesite and andesite tephra
and lava flows are also possible and would likewise affect areas
chiefly within 10 km of vents. Because of the large volume of
snow and ice on the volcano (Driedger and Kennard, 1984), any
future eruption could generate lahars and floods, which might
affect valley floors tens of kilometers from the volcano.

The least likely, but nevertheless possible, event in the
Three Sisters area is a major explosive eruption of silicic magma
like those of middle Pleistocene age. Such an eruption would
affect areas tens of kilometers from vents with pyroclastic flows
and areas to distances of hundreds of kilometers with thick tephra
fall. Whether a silicic magma chamber of sufficient volume exists
in the Three Sisters area to produce such an eruption is unclear.
The distribution of late Pleistocene and Holocene vents of silicic
and mafic magmas and the chemical composition of the magmas
suggest a silicic magma chamber of several tens of cubic
kilometers may be present (Scott, 1987). However, Bacon (1985)
reasons that a shallow, silicic magma chamber of large volume (>50
km® ) is probably not present based on vent distributions.
Nevertheless, the Three Sisters area has had a long history of
silicic eruptions and of explosive eruptions of large volume.
Therefore, a conservative assessment would regard the Three
Sisters area as a possible site for a future large-volume
eruption.
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4.10 Newberry volcano

4.10.1 Eruptive history

Newberry volcano (Fig. 4-37) lies 65 km east of the crest of
the Cascade Range and is one of the largest Quaternary volcanoes
in the United States--its broad shield-like shape covers more than
1300 km?* (MacLeod and others, 198l1). A summit caldera 6-8 km
across contains numerous rhyolite lava flows and domes and related
pyroclastic debris; lava flows and tuffs of basalt and basaltic
andesite are less common. The flanks of the volcano are composed
of rhyolitic to andesitic pyroclastic-flow deposits, dacitic and
rhyolitic lava flows and domes, and hundreds of scoria cones and
lava flows of basalt and basaltic andesite (MacLeod and others,
1982). An active hydrothermal system is evidenced by warm springs
in the caldera and by drilling that has penetrated zones with
temperatures in excess of 265° C. at depths of 932 m (MacLeod and
Sammel, 1982).

Three Holocene rhyolitic eruptive episodes at vents within
the caldera have produced one tephra-fall deposit that extends far
to the east, several tephra-fall deposits of limited extent, a
pyroclastic-flow and pyroclastic-surge deposit that is confined to
the caldera, and numerous lava flows and domes (Appendix A,;
MacLeod and others, 1981). Holocene activity at flank vents, some
as far as 30 km from the caldera, was chiefly the formation of
numerous scoria cones, local tephra-fall deposits, and lava flows
of basalt and basaltic andesite (Appendix A, Fig. 4-38; Peterson
and Groh, 1969, Chitwood and others, 1977, MacLeod and others,
1982). Rhyolitic eruptions of small volume may also have occurred
on the upper flanks of the volcano (MacLeod and others, 1981).

The most voluminous eruptions of Newberry volcano occurred
chiefly during middle Pleistocene time; however, one of these may
have occurred as recently as several tens of thousands of years
ago (MacLeod and others, 1981; MacLeod and Sammel, 1982). These
eruptions produced voluminous tephra-fall and pyroclastic-flow
deposits and were probably accompanied by caldera collapse. The
sizes of these events are not well known, but the volume of one
pyroclastic-flow deposit probably is more than 25 km* (MacLeod and
others, 1981).

4.10.2 Volcanic-hazards assessment

The past behavior of Newberry volcano suggests that the most
likely type of eruption in the future is a small- to moderate-
volume (<0.1-1 km®’) rhyolite eruption in the caldera or near the
caldera rim. This activity probably would begin with the eruption
of tephra and pyroclastic flows and surges and would culminate
with the extrusion of lava domes or flows. Flowage phenomena
would chiefly affect the caldera floor and areas within several
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Figure 4-38. Bar graph showing number versus length for lava
flows at Newberry volcano, Oregon, that are younger than 6850-yr-
old Mazama ash (data in Appendix A). These include both rhyolite
lava flows in the caldera (all of which are 1-2 km long) and
basaltic andesite lava flows from vents on the flanks.
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kilometers of the rim. Depending on wind strength and the
character of the eruption, significant tephra fall could occur
many tens of kilometers from the caldera. The last rhyolitic
tephra eruption at Newberry deposited 25 cm of tephra at a
distance of 60 km {MacLeod and Sammel, 1982). The effects of
Holocene lahars were apparently restricted to the caldera floor
({MacLeod and others, 1982). However, 1f explosive eruptions were
to occur at vents in Paulina Lake, as they did in East Lake during
Holocene time, floods and lahars could descend the lake's outlet
stream, Paulina Creek, westward to the Little Deschutes River.

An eruption of basalt and basaltic andesite is also possible
at Newberry volcano, either from a pre-existing or new vent on the
flanks. Such an eruption would be less explosive than a rhyolitic
eruption in the caldera; however, the resulting lava flows could
be as long as 10 km and cover tens of square kilometers. Multiple
eruptions of this type might occur over a relatively short period
of time at vents arraved along a system of fissures or faults that
could extend as far as 30 km from the caldera. Such activity
occurred about 6000 yr ago (MacLeod and others, 1981, 1982). An
eruption of basalt and basaltic andesite could also occur in the
caldera. During such eruptions in the past, interaction of magma
with ground and surface waters caused violent explosions that
resulted in generation of pyroclastic surges. The effects of such
surges would probably be limited to within 15 km of vents.

A catastrophic silicic eruption of large volume (>10 km’®)
like those that have occurred very infrequently in the past is
possible, but very unlikely. Such an eruption would produce
pyroclastic flows and tephra fall that could devastate the flanks
of the volcano and areas tens of kilometers beyond, and seriously
affect areas many hundreds of kilometers downwind.

4.11 Crater Lake (Mount Mazama)

4.11.1 Eruptive history

Crater Lake (Fig. 4-39) occupies a caldera formed 6850 yr ago
during the climactic eruption of Mt. Mazama, which was a cluster
of Pleistocene stratovolcanoes (Williams, 1942; Bacon, 1983;

Druitt and Bacon, 1986). A period of 15,000-40,000 yr was
required to form the silicic component of the climactic magma
chamber (Bacon, 1983). During that period, eruptions of basalt,

andesite, dacite, and rhyolite occurred in the Mount Mazama area.

During the few centuries preceding the climactic eruption, at
least two small- to moderate-volume (<1 to several cubic
kilometers) eruptions of rhyolite occurred in the area underlain
by the magma chamber (Appendix A, Bacon, 1983; C. R. Bacon,
written commun., 1986). Tephra from one of these eruptions
extended into southeastern Oregon and western Nevada (Davis, 1978,
1985; Blinman and others, 1979) and the same tephra, or one or
more others, fell as far away as eastern Washington (Blinman and
others, 1979; Mack and others, 1979). The explosive eruptions
were followed by the extrusion of rhyolite lava flows.

The climactic eruptions 6850 yr ago produced voluminous
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Figure 4-39. Location map of the Crater Lake area, Oregon.
Crater Lake occupies a caldera formed by the most voluminous
eruption of postglacial age in the Cascade Range.
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tephra-fall and pyroclastic-flow deposits. The tephra deposits
are about 40 cm thick at points 200 km northeast of the volcano
and 4-5 cm thick at 1000 km (Fig. 3-1); layers have been found in
8 western states and 3 Canadian provinces. The tephra fall was
followed by two episodes of pyroclastic-flow formation. The first
was of small extent, but it was followed by voluminous pyroclastic
flows that moved outward in all directions to distances of as much
as 60 km (Fig. 4-40; Bacon, 1983). The total volume of magma
erupted during the climactic eruption was about 50-60 km® (Bacon,
1983), which is an order of magnitude larger than that produced
during any other explosive eruption in the Cascade Range during
postglacial time.

Following the climactic eruption, an andesite scoria cone and
lava flows were erupted within the caldera to form Wizard Island
({Appendix A; Fig. 4-41; Bacon, 1983; C. R. Bacon, written commun.,
1986). The initial postcaldera eruptions probably occurred
shortly after the climactic eruption, prior to the development of
the lake. Other eruptions occurred after the lake had begun to
form. A rhyolite dome on the flank of the Wizard Island volcano
records the youngest known eruptive activity.

4.11.2 Volcanic-hazards assessment

A comprehensive assessment of potential volcanic hazards at
Crater Lake is premature and can only be attempted when the
current state of the magma chamber is better known. A critical
question is whether sufficient silicic magma is now present or
will be present in the near future to sustain an eruption similar
to that of 6850 yr ago. One line of reasoning suggests that
another such eruption may not occur for thousands of years,
because 15,000-40,000 yr were required for the climactic magma
chamber to evolve. This reasoning is consistent with Smith's
{1979) estimate of the periodicity of large-volume (10'-10° km®)
eruptions at other volcanoes. However, it is not known that these
estimates are applicable to the existing magmatic system of Crater
Lake. 1Is the present magma chamber in such a state now that the
most likely events are small- to moderate-volume eruptions (10?2
to 10' kxm’} of andesite, dacite, and rhyolite? 1If so, what is the
probability of such eruptions over the next 50-100 yr? These
questions cannot yet be answered. We use an annual probability of
2 X 10°* for explosive eruptions exceeding 0.1 km* in the tephra-
hazard assessment in Chapter 5 (Table 5-1). This estimate is
based on the frequency of such eruptions at Mount Mazama in
postglacial time (Appendix A). However, during this time period
the magma chamber underwent major changes. Thus this estimate has
a high degree of uncertainty.

Small- to moderate-volume eruptions of andesite, dacite, or
rhyolite within the caldera could produce waves in the lake,
pyroclastic flows and surges, and lava flows and domes whose major
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Figure 4-41. Bar graph showing number versus length for Holocene
lava flows in the Crater Lake area, Oregon (data in Appendix

A). The flows include rhyolite flows that preceded and
rhyolite and andesite flows that followed the climactic
eruption.
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effects probably would be confined to the caldera. Explosive
rhyolite eruptions similar to those that preceded the climactic
eruption could result in deposition of several centimeters of
tephra hundreds of kilometers downwind. Eruptions at vents
outside the caldera could produce pyroclastic flows and lahars
tens of kilometers in length along valleys that head near the
vent.

The large volume of water in Crater Lake implies a high
probability that water will interact with magma during future
eruptions. Such interaction would be expected to increase the
explosivity of eruptions that occur in relatively shallow water.
Violent explosions from silicic magma interacting with water would
greatly increase the fragmentation of the products, producing
finer grain-sized tephra which would lead to greater dispersal
({Self and Sparks, 1978; Walker, 1981). Depending on the location
of the eruption and the amount of water expelled from the lake,
floods and lahars of various volumes could be generated along one
or more drainages leading away from the caldera rim.

Landslides are probably not capable of generating large
floods and lahars, either by causing spillover or by breaching the
rim. The minimum height of the caldera rim above the lake (160-
180 m on the northeast and southeast rims) indicates that a great
wave would be required to accomplish spillover. A landslide from
the steep caldera wall would generate waves. However, using the
waves generated by landslides into Lituya Bay, Alaska, and other
historic examples for comparison (Miller, 1960; Slingerland and
Voight, 1979}, it is unlikely that a wave high enough to overtop
the lowest part of the caldera rim could be generated in Crater
Lake at its present level, even by a landslide as large as several
hundred million cubic meters. The gentle slopes outside the
caldera imply stability and little likelihood of a major outward-
moving collapse that would lower the caldera rim and permit
catastrophic outflow of lake water.

4.12 Medicine Lake volcano

4.12.1 Eruptive history

Medicine Lake volcano (Fig. 4-42) is a large Pleistocene and
Holocene shield volcano in northeastern California about 50 km
northeast of Mount Shasta. The volcano is located in a zone of
east-west crustal extension east of the main axis of the Cascade
Range. The l-km-thick shield is 35 km from east to west and 45-
50 km from north to south, and covers more than 2000 km* (J. M.
Donnelly-Nolan, written commun., 1986). The volcano is composed
primarily of basalt and basaltic andesite lava flows, and has a 7
X 12 km caldera at the center (Anderson, 1941; Heiken, 1978).
Eruptive activity during Holocene time has included numerous
rhyolite and dacite lava flows erupted at high elevations inside
and outside the caldera (Eichelberger, 1975); cinder cones and
associated lava flows of basalt and basaltic andesite have
resulted from eruptions at vents on the flanks of the shield
{Appendix A). Most vents are aligned along zones of crustal
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weakness that trend NNE to NNW.

Basalt or basaltic andesite was erupted from at least eight
vents on the flanks of the Medicine Lake volcano about 10,000 yr
ago (J. M. Donnelly-Nolan and D. E. Champion, written commun.,

1986). These eruptions produced accumulations of cinders near and
downwind from vents, and lava flows a few kilometers to about 45
km in length (Figs. 4-43, 4-44). Explosions several thousand

years ago formed several craters near the southeast caldera rim.
Scoriaceous andesitic tephra erupted from these craters lies
mostly within a few kilometers of the vents and has a volume of
about 0.0l km® (J. M. Donnelly-Nolan, written commun., 1986).
Within the past 2000 yr, eruptions of mafic or silicic magma
occurred at more than a dozen vents on Medicine Lake volcano.
Basalt to basaltic andesite tephra and lava flows were erupted at
three main centers on the north, west, and south flanks. These
lava flows range from a few hundred meters to about 7 km in length
(Figs. 4-43 and 4-44; J. M. Donnelly-Nolan, written commun.,
1986}). In addition, four main eruptive centers, two with many
individual vents, erupted dacite, rhyolite, or mixed magmas. Most
of the silicic eruptions began explosively and produced pumiceous
tephras with volumes of less than 0.1 km’, some of which extend
downwind for several tens of kilometers (Heiken, 1978). Silicic
lava flows and (or) domes formed during late activity at each
vent.

About 1100 to 900 yr ago, eruptions of mafic and silicic
magma occurred in rapid succession {(J. M. Donnelly-Nolan and D. E.
Champion, written commun., 1986; C. D. Miller, unpublished data).
Most active vents during this period are aligned along north-
northwest to north-northeast trending faults or 2zones of extension
and were fed by dikes (Fink and Pollard, 1983).

No pyroclastic flows of Holocene age have been found in the
Medicine lake region, although explosive eruptions of rhyolite of
similar composition and volume at volcanoes in the Three Sisters
and Inyo Craters areas of Oregon and California, respectively,
produced small pyroclastic flows that traveled several kilometers
from their vents (Miller, 1984, Scott, 1987).

At least two eruptions, with volumes of at least several
cubic kilometers, occurred at Medicine Lake volcano during the
last 1 million years (J. M. Donnelly-Nolan, unpublished data, in
Christiansen, 1982). One of these is represented by a rhyolitic-
dacitic ash-flow tuff north of the volcano which is probably older
than about 730,000 yr (D. E. Champion, unpublished data, in
Christiansen, 1982). The other is recorded by an andesitic ash-
flow tuff either about 130,000 yr old, or about 60,000 to 70,000
yr old (Donnelly-Nolan and Nolan, 1986), which is found on the
flanks of the shield as far as 25 km from its presumed source
within the caldera (J. M. Donnelly-Nolan, written commun., 1986).
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Figure 4-43. Bar graph showing number versus length for
postglacial lava flows at Medicine Lake volcano, California
{data in Appendix A).
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Figure 4-44. Plot showing cumulative number versus length for
postglacial lava flows at Medicine Lake volcano, California
(data in Appendix A). Numbers above the data points are
percentages of lava flows whose lengths equal or exceed the
indicated value.
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4.12.2 Volcanic-hazards assessment

Eruptions of the past 10,000 yr form a reasonable basis for
assessing hazards from future eruptions. Similar eruptions of
silicic magma are likely from vents within and just outside of the
summit caldera, which is thought to be underlain by silicic magma
{Heiken, 1978; Eichelberger, 1981), part of which could still be
molten. .These eruptions probably will produce tephras that could
fall as much as several hundred kilometers downwind and mostly
east of the volcano (Christiansen, 1982; Miller, in press). Such
eruptions could also produce pyroclastic flows that could endanger
areas within about 10 km of the active vent, although such
phenomena are not known to have occurred during Holocene time.
Silicic eruptions are likely to culminate with eruption of dacite
to rhyolite lava flows or domes that could reach as far as several
kilometers from their vents.

Eruptions of basalt and basaltic andesite lava may also occur
from vents on the flanks of the Medicine Lake volcano
{Christiansen, 1982). Such eruptions may begin by forming cinder
cones and dispersing mafic tephra as far as 20 km from the active
vent and culminate with the production of lava flows that may
extend for tens of kilometers downslope from their vents (Figs. 4-
43 and 4-44).

Eruptions of both mafic and silicic magma may be fed by
dikes. 2As a consequence, eruptions of basalt and rhyolite may
occur simultaneously, or nearly so, from multiple, probably
aligned vents.

Eruptions of volumes larger than those of Holocene time are
possible, including a caldera-forming eruption (Christiansen,
1982), because of the inferred existence of a large body of
silicic magma beneath the Medicine Lake volcano, (Heiken, 1978;
Christiansen, 1982). Future eruptions of this type could deposit
thick accumulations of tephra over wide regions and produce
pyroclastic flows that could affect areas more than 50 km from the
vent.

Debris avalanches and laterally directed blasts are not known
to have occurred in this region in the past. Owing to the limited
relief of the Medicine Lake volcano, debris avalanches are not
considered likely in the future. Due to the absence of permanent
snow and ice, future eruptions are not likely to generate large-
volume lahars and floods, although lahars and floods of moderate
volumes are possible if eruptions occur when snow covers the
ground.

4.13 Mount Shasta

4.13.1 Eruptive history

Mount Shasta (Fig. 4-45), in northern California, is a
massive composite volcano consisting of overlapping cones centered
at four main vents. The volcano was constructed during the last
several hundred thousand years (Christiansen and Miller, 1976;
Miller, 1980; Christiansen, 1985). Each of the cone-building
periods produced andesite lava flows and pyroclastic flows, mainly
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at the central vents, as well as numerous lahars on and beyond the
flanks of the volcano. Construction of each cone was followed by
eruption of domes and pyroclastic flows of more silicic
composition at central vents, and of domes, cinder cones, and lava
flows at vents on the flanks of the cones.

Two of the main eruptive centers at Mount Shasta, the
Shastina and Hotlum (summit of Mount Shasta) cones (Fig. 4-45),
were formed during the last 10,000 yr (Miller, 1980). Holocene
eruptions also occurred at Black Butte, a composite dacite dome
about 13 km west of Mount Shasta (Miller, 1978; Fig. 4-45).
Geologically recent eruptions at these two main centers and at
flank vents (Appendix A] form the principal basis for assessing
the most likely kinds of future eruptive activity and associated
potential hazards.

Streams that head on Mount Shasta drain into the Shasta River
to the northwest, the Sacramento River to the west and southwest,
and the McCloud River to the east, southeast, and south (Fig. 4-
45). The lower flanks of Mount Shasta consist mostly of broad,
smooth coalescent fans formed by pyroclastic flows, lahars, and
streams that descended the volcano along canyons and then spread
out. As a result, pyroclastic flows and lahars at Mount Shasta
have traveled a shorter distance from the volcano than they would
have if they had been confined to narrow valleys. Their paths, on
the fans, however, are less predictable.

Mount Shasta has erupted on the average at least once per 800
yr during the past 10,000 yr, about once per 300 yr during the
past 3,500 yr, and about once per 250 yr during the past 750 yr
(Miller, 1980; Crandell and others, 1984). The last known
eruption occurred about 200 radiocarbon years ago (Miller, 1980}
and may have occurred in 1786 A.D. (Finch, 1930).

Eruptions during the last 10,000 yr produced lava flows and
domes on and around the flanks of Mount Shasta. Lava flows issued
from vents near the summit and from flank vents as far as 9 km
away, and individual flows are as long as 13 km. Only about 33
percent of past lava flows reached more than 10 km from the summit
and none reached as far as 20 km (Figs. 4-46 and 4-47).

Some pyroclastic flows originating at the summit vent and at
the Shastina vent extended more than 20 km (Figs. 4-48 and 4-49;
Miller, 1978; Miller, 1980). Pyroclastic flows from the Black
Butte vent extended about 10 km southwestward.

Eruptions at the Hotlum and Shastina vents produced many
lahars, about 20 percent of which reached more than 20 km from the
summit of Mount Shasta (Figs. 4-50 and 4-51), and spread out on
fans around the base of the volcano. Even larger lahars and
floods extended beyond the base of the volcano and entered the
McCloud and Sacramento Rivers (Hill and Egenhoff, 1976; Miller,
1980} .
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Figure 4-46. Bar graph showing number versus length for Holocene
lava flows at Mount Shasta, California (data in Appendix A).
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Figure 4-47. Plot showing cumulative number versus length for
Holocene lava flows at Mount Shasta, California (data in

Appendix A). Numbers above the data points are percentages
of lava flows whose lengths equal or exceed the indicated
value.
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Figure 4-48. Bar graph showing number versus minimum distance
traveled for Holocene pyroclastic flows at Mount Shasta,
California (data in Appendix A).
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Figure 4-49. Plot showing cumulative number versus minimum
distance traveled for Holocene pyroclastic flows at Mount
Shasta, California (data in Appendix A). Numbers above data
points are percentages of pyroclastic flows whose minimum
distances traveled equal or exceed the indicated value.
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Figure 4-50. Bar graph showing number versus minimum distance
traveled for Holocene lahars at Mount Shasta, California
(data in Appendix A}.

Cumulotive Number of Lohora

Minimum Distonce Traveled (km)

Figure 4-51. Plot showing cumulative number versus minimum
distance traveled for Holocene lahars at Mount Shasta,
California (data in Appendix A). Numbers above data points
are percentages of lahars whose minimum distances traveled
equal or exceed the indicated value.
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During Holocene time Mount Shasta erupted pumiceous dacite
tephra twice about 10,000 yr ago {(Miller, 1980). One deposit is
more than 0.1 km® in volume and the other is less than 0.1 km?;
both lie mainly east and within about 50 km of the volcano.
Lithic ash has been erupted at Mount Shasta many times during the
last 10,000 yr and the deposits mantle the ground surface within
about 25 km of the summit (Miller, 1980).

No known debris avalanches have occurred at Mount Shasta
during Holocene time, but a catastrophic debris avalanche occurred
at there between about 300,000 and 360,000 yr ago (Crandell and
others, 1984; Ui and Glicken, 1986). According to D. R. Crandell
{personal commun., 1986), the Shasta debris avalanche flowed more
than 64 km through the Shasta valley, covers more than 675 km?,
and has a volume that exceeds 45 km®.

4.13.2 Volcanic-hazards assessment

Future eruptions like those of the last 10,000 yr will
probably produce deposits of lithic ash, lava flows, domes, and
pyroclastic flows, and could endanger works of man that lie within
several tens of kilometers of the volcano.

Lava flows and pyroclastic flows may affect low areas within
about 15-20 km of the summit of Mount Shasta or any satellite vent
that might become active (Figs. 4-46 to 4-49). Lahars could
affect valley floors and other low areas as much as several tens
of kilometers from Mount Shasta (Figs. 4-50 and 4-51).

Owing to great relief and steep slopes, a portion of the
volcano could also fail catastrophically and generate a very large
debris avalanche and lahar. Such events could affect any sector
around the volcano and could reach more than 50 km from the
summit. Explosive lateral blasts could also occur as a result of
renewed eruptive activity, or they could be associated with a
large debris avalanche; such events could affect broad sectors to
a distance of more than 30 km from the volcano.

On the basis of its Holocene behavior, the probability is low
that Mount Shasta will erupt large volumes of pumiceous ash in the
future. The distribution of Holocene tephra and prevailing wind
directions suggest that areas most likely to be affected by tephra
are mainly east and within about 50 km of the summit of the
volcano. However, the andesitic and dacitic composition of its
products suggests that Mount Shasta could erupt considerably
larger volumes of tephra in the future. Moreover, Christiansen
{1982) has suggested that because it is a long-lived volcanic
center and has erupted only relatively small volumes of magma for
several thousand years, Mount Shasta is the most likely Cascade
Range volcano to produce an explosive eruption of very large
volume (10' ~10%) km*. Such an event could produce tephra
deposits as extensive and as thick as the Mazama ash (Fig. 3-1)
and pyroclastic flows that could reach more than 50 km from the
vent. The annual probability for such a large event may be no
greater than 10°°, but it is finite.
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4.14 Lassen volcanic center

4.14.1 Eruptive history
The Lassen volcanic center consists of a chain of vents aligned

roughly north-south that extends about 8 km north from Lassen Peak
{Fig. 4-52). Although volcanism began at the center between about
600,000 and 350,000 yr ago (Clynne, 1984), events of the last
35,000 yr (Appendix A) are the most thoroughly studied and form
the basis for assessing hazards from future eruptions in the
region.

The stratigraphic record of late Pleistocene and Holocene
eruptions in this region contains evidence for many episodes of
eruptive activity during the last 35,000 yr (Day and Allen, 1925;
Crandell and Mullineaux, 1970; Crandell and others, 1974, Heiken
and Eichelberger, 1980; Christiansen and Clynne, 1986, Clynne and
Christiansen, 1987). Eruptions about 35,000 yr ago (Trimble and
others, 1984; M. A. Clynne, written commun., 1986) produced two
pyroclastic flows from a vent east of Sunflower Flat near the
north end of the chain. These eruptions were followed by
extrusion of one or more domes at vents in the same area.

Eruptions at Hat Mountain about 25,000-35,000 yr ago (M. A.
Clynne, written commun., 1986) produced andesitic lava flows that
reached up to 6 km from their vents (Appendix A}). At about the
same time, eruptions at a vent now buried by the Lassen Peak dome
produced at least four pyroclastic flows and several short
rhyolite lava flows (M. A. Clynne, written commun., 1986). These
pyroclastic flows overlie a 31,000-yr-old peat deposit (M. A.
Clynne, written commun., 1986).

Eruptions about 20,000 yr ago (M. A. Clynne, written commun.,
1986) formed an ancestral dome, now buried by the Lassen Peak
dome, which is thought to have erupted shortly before 11,000 yr
ago (Crandell and Mullineaux, 1970). During late Wisconsin
deglaciation, lahars formed on the slopes of Lassen Peak and
flowed at least several kilometers, primarily northeastward.

The Chaos Crags eruptive episode, about 1000 to 1200 yr ago,
began with eruption of a pumiceous tephra with a volume less than
0.1 km*. At least two pyroclastic flows traveled west down
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Manzanita Creek about 4 km, and a similar distance north down Lost
Creek {(Crandell and others, 1974; Heiken and Eichelberger, 1980;
M. A. Clynne, written commun., 1986). Following a short hiatus,
explosive activity destroyed a small dome soon after it formed, at
the site of the Chaos Crags, generating pyroclastic flows that
extended at least 12.5 km down Manzanita Creek and 21 km down Lost
and Hat Creeks (Crandell and others, 1974). This eruption also
deposited a lobe of pumiceous tephra at least 40 km northeastward
(M. A. Clynne, written commun., 1986). Shortly thereafter,
extrusion of five dacite domes with an estimated combined volume
of about 1 km® (Crandell and Mullineaux, 1970) formed the Chaos
Crags.

About 300 yr ago, three or more rockfalls from the Chaos
Crags generated high-velocity avalanches of rock debris that
traveled as far as 4.3 km westward from the Chaos Crags (Crandell
and others, 1974). Evidence for eruptive activity that might have
triggered these rockfalls has not been found. The falls may have
resulted from earthquakes, steam explosions, or intrusion of a
dome into the central part of the Chaos Crags {(Crandell and
others, 1974).

The most recent eruptive activity occurred at Lassen Peak in
1914-1917 A.D. (Diller, 1914; Day and Allen, 1925; Loomis, 1926).
This eruptive episode began on May 30, 1914, when a small phreatic
eruption occurred at a new vent near the summit of the peak. More
than 150 explosions of various sizes occurred during the following
vear (Williams, 1928). By mid-May 1915, the eruption changed in
character;, lava appeared in the summit crater and subsequently
flowed about 100 m over the west and probably over the east crater
walls. Disruption of the sticky lava on the upper east side of
Lassen Peak on May 19 resulted in an avalanche of hot rock onto a
snowfield. A lahar was generated that reached more than 18 km
down Lost Creek (R. L. Christiansen and M. A. Clynne, written
commun., 1986). On May 22, an explosive eruption produced a
pyroclastic flow that devastated an area as far as 6 km northeast
of the summit. The eruption also generated lahars that traveled
more than 20 km down Lost Creek and floods that went down Hat
Creek (Day and Allen, 1925; R. L. Christiansen and M. A. Clynne,
written commun., 1986). A vertical eruption column resulting from
the pyroclastic eruption rose to an altitude of more than 9 km
above the vent and deposited a lobe of pumiceous tephra that can
be traced as far as 30 km to the east-northeast (Day and Allen,
1925; R. L. Christiansen and M. A. Clynne, written commun., 1986).
The fall of fine ash was reported as far away as Elko Nevada, more
than 500 km east of Lassen Peak. Intermittent eruptions of
variable intensity continued until about the middle of 1917.

4.14.2 Volcanic-hazards assessment

The record of late Pleistocene and Holocene eruptive activity
at the Lassen volcanic center suggests that the most likely
hazardous future events include pyroclastic eruptions that produce
pyroclastic flows (Appendix A; Figs. 4-53 and 4-54) and tephra.
Christiansen (1982) regards the Lassen volcanic center as one of
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Figure 4-53. Bar graph showing number versus minimum distance
traveled for pyroclastic flows erupted at the Lassen volcanic
center, California, during the past 35,000 yr {data in
Appendix A}.
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Figure 4-54. Plot showing cumulative number versus minimum
distance traveled for pyroclastic flows erupted at the Lassen
volcanic center, California, during the past 35,000 yr (data
in Appendix A). Numbers above the data points are the
percentages of pyroclastic flows whose minimum distances
traveled equal or exceed the indicated value.
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the principal candidates in the Cascade Range for future silicic,
probably explosive, eruptions. Based on the eruptive history
cited above (Appendix A), pyroclastic flows could endanger areas
within several tens of kilometers of an active vent (Fig. 4-53).
Lahars (Figs. 4-55 and 4-56) and floods caused by these events
could affect low-lying areas even farther from the vent,
particularly i1f eruptions occur during periods of thick snow
cover. Eruptions that produce lava flows (Fig. 4-57) are
generally less dangerous, although both lava flows and domes can
become unstable and produce pyroclastic flows and rockfall
avalanches that could affect areas as far as several kilometers
away. Mixing of hot debris with snow can generate lahars that
could inundate valley bottoms for tens of kilometers as in 1915.

Areas of high relief within the Lassen volcanic center such
as the Lassen Peak dome could also collapse and generate rockfalls
and/or debris avalanches that could endanger areas within about 10
km of the source.

The late Pleistocene and Holocene eruptive history of the
Lassen volcanic center suggests that large volumes of pumiceous
tephra are not likely to be produced in the future. Areas subject
to the greatest hazard from tephra falls resembling those of the
past 35,000 yr are mainly east and within about 50 km of the
center.

The older eruptive history of the volcanic center suggests
that considerably larger and more devastating eruptions are
possible (Christiansen, 1982). The presence of a vigorous
hydrothermal system {Muffler and others, 1982), the early-20th-
century eruption, continuing seismicity, and the cluster of young
domes suggested to Christiansen (1982) the existence of an active
silicic magmatic system. This system lies within a large negative
gravity anomaly (LaFehr, 1965), which suggests the presence of a
large pluton (Heiken and Eichelberger, 1980). Christiansen (1982)
suggested that future eruptions at vents within the Lassen
volcanic center could produce voluminous air-fall tephra and
pyroclastic flows that could devastate broad areas. This
suggestion is supported by evidence of three caldera-forming
events in the Lassen region (M. A. Clynne, written commun., 1986).
The youngest of these is about 400,000 yr old and was probably of
similar volume to the climactic eruption of Mount Mazama (Sarna-
Wojcicki and others, 1987). Clynne estimates that about 50 km® of
rhyolite pyroclastic flows and air-fall pumice was erupted from
the Lassen volcanic center during each of these episodes.

Although the consequences of such a large eruption would be

severe, the annual probability of such a large event is small but
finite.
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Figure 4-55. Bar graph showing number versus minimum distance
traveled for lahars at the Lassen volcanic center,
California, during the past 35,000 yr (data in Appendix A).
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Figure 4-56. Plot showing cumulative number versus minimum
distance traveled for lahars at the Lassen volcanic center,
California, during the past 35,000 yr (data in Appendix A).
Numbers above the data points are the percentages of lahars
whose minimum distances traveled equal or exceed the
indicated value.
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Figure 4-57. Bar graph showing number versus length for lava
flows erupted at the Lassen volcanic center, California,
during the past 35,000 yr (data in Appendix A). Postglacial

basalt lava flows north and northeast of Lassen Peak are
discussed in section 4.15.
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4.15 Basaltic volcanoes and lava fields of the Cascade Range

4.15.1 Distribution and eruptive character
Although the 13 volcanic centers discussed above are the most

prominent volcanic features of Quaternary age in the Cascade
Range, most of the range between Mount Rainier and Lassen Peak is
composed of more than a thousand volcanoes, c¢hiefly of basalt and
basaltic andesite (Fig. 4-58; White and McBirney, 1978, Hammond,
1980, Taylor, 1981; McBirney and White, 1982; Luedke and others,

1983; Sherrod, 1986; Hughes and Taylor, 1986). 1In order to
simplify terminology in this report, we refer to these as basaltic
volcanoes. Individual basaltic volcanoes have a limited

compositional range, typically were active for only brief periods
of time, and sometimes occur in fields of numerous, nearly coeval
volcanoes. Basaltic volcanoes have formed throughout the past few
million years in the Cascade Range; the youngest erupted in 1851
A.D. in the Lassen area. Eruptions of these basaltlic volcanoes
are, in general, much less explosive than eruptions of composite
volcanoes, and therefore rarely affect areas more than 15 km away.
However, the wide distribution in the Cascades of basaltic vents
less than 1 million years old (Fig. 4-58) suggests that, although
any one eruption would affect only a limited area, such an
eruption could occur almost anywhere in the range.

The eruptions of Cascade Range basaltic volcanoes, despite a
wide range in volumes of products, have not typically been highly
explosive. Locally, however, interaction between magma and
shallow ground water or surface water has caused violent
hydromagmatic explosions. Lava flows have been by far the most
voluminous product of eruptions of these volcanoes. The lavas
flows of latest Quaternary age typically are less than 15 km long;
96% of lava flows are less than or equal to 10 km long (Figs. 4-59
and 4-60). The longest of the lava flows plotted in Figure 4-59
is 29 km; however, a few Pleistocene lava flows in the southern
Washington Cascades are 40-80 km long (Warren 1941; Hammond,
1980) .

Taylor {1965) described Holocene eruptions between North
Sister and Three-Fingered Jack, Oregon, that exemplify the
activity of Cascade basaltic volcanoes, although the density of
Holocene vents there is much greater than in other areas of the
range. One type of activity was characterized by initial scoria
and ash eruptions that formed cinder cones and by later extrusion
of lava flows. The most recent such eruption in the Cascades
occurred in 1851 A.D. at Cinder Cone, east of Lassen Peak
(Appendix A; Williams, 1928; Finch, 1930). In many areas, this
type of activity has formed fields of numerous scoria cones, which
are typlically arranged in a linear zone, and lava flows.
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based on data from Luedke and Smith 1981, 1982, and
unpublished data).
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Figure 4-60. Plot showing cumulative number versus length for
latest Quaternary lava flows from basaltic volcanoes in the
Cascade Range (data in Appendix A}). Numbers above the data
points are the percentages of lava flows whose lengths equal
or exceed the indicated value.
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Another type of basaltic activity is characterized by the
concentration of many tephra and lava-flow eruptions at a central
vent and several flank vents. This type of activity has built
shield volcanoes typically 5-15 km in diameter and several hundred
meters to more than 1000 m high. Many have summit cinder cones.
Belknap in central Oregon is the youngest such shield volcano in
the Cascades and has lava flows as young as 1400 yr.

Several large basaltic shield volcanoes along the range have
steep-sided summit cones, such as Three-Fingered Jack (Davie,
1980), Mount Washington and North Sister (Taylor, 1981}, Mount
Bachelor (Taylor, 1978; Scott and Gardner, 1985), Diamond Peak,
Mount Bailey, and Mount Thielsen (Sherrod, 1986), and Mount
McLoughlin (Carver, 1972,; Maynard, 1974). A few of these
volcanoes contain rocks as silicic as andesite and may have been
constructed during several eruptive episodes. These peaks rival
the major composite cones in size but contrast with them in origin
and structure. Most are composed of central scoria and tuff cones
intruded by numerous dikes and one or more plugs. Thin lava flows
intertongue with the scoria and mantle the central cone, and more
voluminous lava flows typically extend beyond the base of the
central cone. No evidence suggests that these volcanoes formed
during highly explosive eruptions. Most lava flows and thick
tephra-fall deposits are restricted within a few kilometers of
vents, and scoriaceous tephras are typically not traceable farther
than 20 km from vents (Taylor, 1965; W. E. Scott, unpublished
data). Mount Bachelor, which is between 11,000 and 15,000 yr old
{Scott and Gardner, 1985; W. E. Scott and C. A. Gardner,
unpublished data), is the youngest of these volcanoes in the
Cascades.

4.15.2 Volcanic-hazards assessment

Hazardous effects of eruptions at basaltic volcanoes are
chiefly restricted to areas within 15 km of vents, however, a few
lava flows of postglacial age have extended almost 30 km (Figs. 4-
59 and 4-60), and some Pleistocene lava flows have extended 80 km.
The most serious hazards result from faulting and fissuring near
vents, burial by lava flows and thick tephra, and impact by
ballistic fragments and base surges. Beyond 15 km, lahars and
floods might be expected downvalley from some eruptions in ice- or
snow-covered areas. Also, lava flows and related clastic debris
could dam streams and form lakes that could spillover
catastrophically and generate lahars and floods extending
downvalley for tens of kilometers. Such lakes would also inundate
upstream areas. The damming of some of the larger streams in the
Range such as the Cowlitz or Deschutes, or even the Columbia,
would pose the greatest hazard. In addition, owing to their great
relief and steep slopes, some of the large basaltic volcanoes
could produce large debris avalanches and related lahars that
could extend tens of kilometers away.

The large number of postglacial basaltic volcanoes in the
Cascade Range (Appendix A) implies that the birth of a basaltic
volcano has an annual probability of about 3 X 10 3- We determine
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this probability by dividing the number of basaltic centers in
Appendix A (about 40} by 15,000 yr. However, the prediction of
specific locations for such events is probably not possible except
a few days or weeks before an eruption. Figure 4-58 shows the
basaltic vents that have been active in the Cascades over the past
1 million years and provides a basis for defining a hazard zone
for future eruptions (section 5.5; Plate 1).

A potential hazard at the large basaltic volcanoes, such as
Mount McLoughlin and Mount Bachelor, is the possibility of more
explosive volcanism if magmas become more silicic. Some of the
composite volcanoes in the range were initially basaltic volcanoes
that evolved to more silicic and explosive activity. We have no
way to estimate the probability of such a change at a given
center.

The probability that an area in the Cascades will be covered
by a lava flow in a given year is related generally to the long-
term rate at which lava 1is extruded. Few well-supported rates
have been published because of the lack of detailed mapping and
chronologic control. However, Sherrod (1986) has calculated
Quaternary extrusion rates in the area of the Oregon Cascades
between latitudes 43° and 44° N of about 3-6 km’/1 million yr for
each l-km-long segment of the range. This figure implies that, on
the average, a volume equivalent to that of the Belknap shield
volcano (5 km®) is extruded each 1 million yr in each l-km-long
segment of the range. As the basal area of a shield of this size
is approximately 80 km* and the width of the range is typically
25-50 km, the mean frequency of coverage for any point in this
part of the range is roughly 2-3 times per million years. This
frequency translates to a mean annual probability of 2.5 x 10°°¢
that a point will be covered by a lava flow. If the 5 km® of
magma were erupted from many vents, as would be the case for a
field of scoria cones and lava flows, rather than largely from a
central vent, the area covered could be several times greater than
80 km* . Hence, by combining both modes of eruption, the annual
probability would be greater than 3 x 10°¢°. The reliability of
this estimate for other areas and for time periods less than 1
million years is difficult to evaluate. Data for the central
Oregon Cascades indicate a frequency much higher than 2-3 times
per million years. During the past 15,000 yr, the 110-km-long
segment of the range from Odell Lake to Mt. Jefferson has had a
mean extrusion rate of at least 30 km’/my per 1 km of range length
(W. E. Scott, unpublished data), which is about 10 times greater
than the long-term, mean rate for latitude 43-44° N. This rate
implies that the annual probability of areas in the central Oregon
Cascades being covered by lava flows from basaltic volcanoes is on
the order of 10°° and may locally be as low as 10 ‘.
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CHAPTER 5

VOLCANIC-HAZARD ZONES FOR ERUPTIONS
OF CASCADE RANGE VOLCANOES

5.1 Introduction

In this chapter, we establish and describe four categories of
volcanic-hazard zones (Plates 1 to 4) that can be used for
evaluating possible sites of nuclear~power plants in the Pacific
Northwest: The four categories are: 1) proximal-hazard 2zones
(Plate 1), which are circles with radii of 50 km centered on each
of the 13 major volcanic centers described in Chapter 4; 2)
distal lahar~ and flood-hazard zones (Plate 1), which extend
beyond the proximal-hazard zones down some major valleys that head
at the 13 centers; 3) hazard zones for eruptions of basaltic
volcanoes and volcanic fields (Plate 1), which include areas that
have experienced this type of eruptive activity during the past 1
million years, and 4) tephra-hazard Zzones {(Plates 2, 3, and 4),
which show annual probabilities of the accumulation of 3 tephra
thicknesses for most of the Pacific Northwest. This chapter also
discusses the rationale used to establish hazard zones and the
extent and probability of future hazardous events within them.

The hazard zones are based primarily on the premise that
eruptive histories of volcanoes are the best available evidence of
probable kinds, frequencies, and magnitudes of future eruptive
events at those volcanoes. Annual probabilities of eruptions of
various volumes can also be derived from eruptive histories, as
can frequencies of various kinds of events.

The likelihood that future eruptions will affect certain
areas is judged from the distribution of deposits of past
eruptions, and from the frequency with which past volcanic events
reached various distances from their sources. The frequency with
which a given site has been affected decreases with increasing
distance from a volcano, because an inverse relation exists
between the size of specific events and their frequency
{Mullineaux, 1976). For many volcanic phenomena, the severity of
effects also decreases with increasing distance. In addition, the
frequency and severity of effects of most flowage phenomena
decrease with increasing height above adjacent valley or basin
floors.

Volcanic events of very large volume or great extent are
relatively rare, and can occur at volcanoes where they have not
occurred before. Thus, for some hazard zones, some large-scale
events are considered possible at volcanoes where they are not
known in the eruptive record.
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5.2 Proximal-hazard zones

Data in Appendix A and in Figures 5-1 to 5-6 indicate that
most hazardous volcanic events are restricted to within about 50
km of their source. Evidence of the relatively high frequency and
severe effects of volcanic events within a distance of 50 km from
volcanoes is provided by the low proportion of flowage deposits
that extend beyond 50 km, and by the thicknesses of tephra
deposits within 50 km of their sources (section 3.3). 1In
addition, strong atmospheric shock waves will have the most severe
effects within 50 km of a volcano (section 3.5.2). Consequently,
we have established a proximal-hazard zone with a radius of 50 km
at each of the 13 major volcanic centers in the Cascade Range, all
of which have been active during the past 100,000 years (Appendix
A, Plate 1, Table 5-1). No nuclear power plants are now located
within a proximal-hazard zone, although the Trojan Nuclear Plant
in northwestern Oregon lies about 55 km west of Mount St. Helens.
Because of the relatively high probability that future volcanic
events will severely affect areas within these zones, sites
proposed within them should undergo exceptionally careful
investigations with respect to potential volcanic hazards (section
6.3.1). It may not be prudent to construct nuclear-power plants
within these zones.

Figures 5-1 and 5-2 show that in the past 15,000 yr 20
percent of the lava flows in our compilation reached farther than
10 km from their vents, only one extended as far as 45 km, and no
lava flow from a Cascade Range volcano reached as far as 50 km.
However, a few lava flows of Pleistocene age (not compiled in
Appendix A) traveled as far as 80 km.

Pyroclastic flows from only one eruption, that of Mount
Mazama about 6850 yr ago, extended downvalley more than 50 km from
their source (Figs. 5-3 and 5-4). Those pyroclastic flows reached
about 60 km down the Rogue and Umpgua River valleys (section 4.11;
Williams, 1942, Bacon, 1983, Druitt and Bacon, 1986), but because
of valley configurations, even these pyroclastic flows terminated
within a 50-km radial distance from the volcano. At least 5
percent of the pyroclastic flows shown in Figures 5-3 and 5-4 had
traveled farther than 20 km from vents, and about 13 percent
traveled farther than 15 km. However, because it is possible only
to determine minimum lengths of pyroclastic flows (section 4.1),
15 percent represents a minimum proportion of pyroclastic flows
longer than 15 km.

Data on debris avalanches are scarce for Cascade volcanoes,
but very large ones seem to be rare. Only one, which occurred
between 300,000 and 360,000 yr ago at Mount Shasta, reached more
than 60 km from the source volcano (D. R. Crandell, oral commun.,
1986; section 4.13). The large debris avalanche that occurred at
the outset of the May 18, 1980 eruption of Mount St. Helens
extended downvalley about 28 km from the volcano (Voight and
others, 1981). The many debris avalanches that are less than 15
km long, and those that were transformed into lahars, are included
with lahars in the compilations in this report.
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Table 5-1. Annual minimum probabilities of future eruptive events
at major volcanic centers in the Cascade Range.
Probabilities are calculated on the basis of the number of
events that have occurred at each volcano during the time
interval specified (data in Appendix A). Stated
probabilities are thought to be minimum values because the
geologic record is incomplete.

i

Ex. Eruptions Ex. Eruptlons J

Volcano Time Interval > 0.1 I’}  {< 0.1 kn’) L.} P.F? LF2 )
1

{Years BP) t # $ $ #
Nt. Baker Total 12000 1 3 i 13 3 !
Probability ...ovei e 8E-05¢ 3E-04 4E-03 1E-03 3E-04 ]
|
G. Peak Total 12000 2 15 67 120 0 ‘
Probability ...oovii 2E-04 1E-03 6E-03 1£-02 1E-05°
Rainier Total 10000 1 10 70 1 1 :
Probability ..o 1E-04 1E-03 7E-03 1E-04 1E-04 |
1
Mans Total 12000 0 0 5 0 7 |
Probability ... ..o 1E-05 1E-05 4E-04 1E-05 6E-04 \
St. Helens Total through Swift Cr. time 13700 9 102 146 102 61 l
Probabllity ..o 7E-04 7E-03 1E-02 7E-03 2E-02 .
|
}
j
St. Helens Total through Kalama time 500 ) 4 49 50 kY 1
Probabildty ... ... §E-03 1E-01 1E-01 1E-01 6E-02 :
i
Hood Total 15000 0 7 18 4] 1 j
Probability ... 1E-05 SE-04 3E-03 2E-03 7E-05 '
' lahars

* pyroclastic flows

? lava flows

‘gr10t

s

A default probability of 1 X 10°° is assigned to all categories with zero occurrences
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Table 5-1 (continued)

Ex. Eruptions Ex. Eruptions

Volcano Time Interval > 0.1 xn’) (< 0.1 kn*}) L. P.F. L.F.
|Years BP) { # # ¥ $
Hood Total through last 1800 yrs 1800 0 6 28 3 0
Probability ..ot 1E-05 3E-03 2E-02 2E-03 1E-05
Jetterson Total 100000 1 0 17 2 0
Probability ..oooei e 1E-05 1E-05 SE-04 2E-05 1E-05
three Sis. Total 25000 1 9 8 5 8
Probability .....ooiriiii 4E-05 4E-04 3E-04 2E-04 3E-04
Three Sis. Total through last 12000 yrs 12000 0 7 8 5 3
Probability ..ot e 1E-05 6E-04 JE-04 {E-04 3E-04
Newberry Total 6850 1 12 1 1 2l
Probability ....oiiiii e 1E-04 28-03. 1E-04 1E-04 3E-03
C. Lake Total 12000 2 2 0 2 7
Probablllty ...ovierit e e 2E-04 2E-04 1E-05 2E-04 6E-04
Med. Lake Total 11000 0 12 0 0 5
Probability ..o e 1E-05 1E-03 1E-05 1£-05 2E-03
Shasta Total 10000 1 2 3 {0 15
Probability ..ot e 1E-04 2E-04 4E-03 {E-03 2E-03
Lassen Total 11000 0 13 2l 9 0
Probability ....ooiviiiiiii e 1E-05 1E-03 2E-03 BE-04 1E-05
Cascades Total Post-Glacial 17 185 453 316 144
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Figure 5-1. Bar graph showing number versus length for late
Pleistocene and Holocene Cascade Range lava flows compiled in
Appendix A. Does not include those of basaltic volcanoes and
volcanic fields (Figs. 4-59 and 4-60).
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Figure 5-2. Plot showing cumulative number versus length for late
Pleistocene and Holocene Cascade Range lava flows complied in
Appendix A. Does not include those of basaltic volcanoes and
volcanic fields (Figs. 4-59 and 4-60). Numbers above the
data points are the percentages of lava flows whose lengths
equal or exceed the indicated value.
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Figure 5-3. Bar graph showing number versus minimum distance
traveled for late Pleistocene and Holocene Cascade Range
pyroclastic flows compiled in Appendix A.
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Figure 5-4. Plot showing cumulative number versus minimum
distance traveled for late Pleistocene and Holocene Cascade
Range pyroclastic flows complied in Appendix A. Numbers
above data points are percentages of pyroclastic flows whose
minimum distances traveled equal or exceed the indicated
value.
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Figure 5-5. Bar graph showing number versus minimum distance
traveled for postglacial Cascade Range lahars complied in
Appendix A.
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Figure 5-6. Plot showing cumulative number versus minimum
distance traveled for postglacial Cascade Range lahars
complied in Appendix A. Numbers above data points are

percentages of lahars whose minimum distances traveled equal
or exceed the indicated value.
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A compilation of minimum distances traveled by lahars from
Cascade Range volcanoes (Figs. 5-5 and 5-6) shows that at least 20
percent of the lahars were 20 km or more long. A minimum of 5
percent reached more than 50 km, and at least 1 percent extended
beyond 100 km from their source volcanoes.

Thick tephra can accumulate within 50 km of its source
volcano, particularly in a downwind direction, which in the
Pacific Northwest is generally toward the sector between northeast
and southeast {(Tables 5-2, 5-3; Fig. 3-1). Thus, the most severe
effects of tephra will occur within proximal-hazard zones.

Newhall (1982) points out that explosive eruptions that produce
tephra with volumes greater than 0.1 km® have a 10 percent
probability of depositing 80 cm of tephra at a distance of 50 km,
and considerably greater thicknesses would be deposited closer to

the vent (Table 5-3). Most explosive eruptions that produce less
than 0.1 km® of tephra probably will result in less than 1 cm of
tephra at a distance of 50 km (Newhall, 1982). Table 5-4

indicates a probability of only 1 percent that 3 cm of tephra will
accumulate at a distance of 50 km from the vent.

The effects of volcanic gases and atmospheric shock waves on
a nuclear power plant probably would be minimal at a distance of
as much as 50 km from a volcano. Volcanic earthquakes are likely
to be of lower magnitude than tectonic earthquakes, and thus would
not present an additional problem at a distance of 50 km.
Volcano-induced ground fractures probably would be a hazard only
on the volcano itself.

Although a 50-km radius has been used as the boundary of the
proximal-hazard zone for all 13 major volcanic centers, the
probability that this zone will be affected, and in which way,
varies from volcano to volcano. Table 5-1 summarizes the
calculated minimum annual probabilities of various events based on
past activity at each volcano during the time interval specified.
The annual probabilities of explosive tephra eruptions of
different sizes, and the annual probabilities of other hazardous
events, vary by several orders of magnitude for the major Cascade
volcanoes. For example, at Mount St. Helens the calculated annual
probability of tephra eruptions that exceed 0.1 km® in volume and
of pyroclastic flows, both based on the record of the past 500 yr,
are 8 x 10°* and 1 X 10°', respectively (Table 5-1). In contrast,
the calculated annual probabilities of similar events occurring at
Mount Jefferson are 1 X 10°°® and 2 X 10°°, respectively.

In general, the frequency with which areas within each
proximal-hazard zone are affected by volcanic events decreases
outward. However, factors other than distance are also involved,
such as height above valley floors and wind directions. Thus, the
flanks of volcanoes, immediately adjacent areas, and the heads of
valleys draining the volcano will be affected most often and most
severely by future events. Areas near the outer limit of the zone
and areas that lie high above valley floors will be affected less
frequently and, by some events, less severely. Valleys near the
outer limit of the zones, that do not head on the volcano, are
less susceptible to most flowage events, however, those valleys
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Table 5-2. Average annual frequency of winds at Quillayute,
Washington, that blow toward sixteen 22.5° sectors, for
altitudes between about 3,000 and 16,000 m. From Crandell

{1976) .
N 0.043
NNE 0.081
NE 0.139
ENE 0.161
E 0.161
ESE 0.125
SE 0.101
SSE 0.064
S 0.037
SSW 0.020
SW 0.013
WSW 0.008
W 0.008
WNW 0.009
NW 0.013
NNW 0.020
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Table 5-3. Relation between tephra thickness along the axis of a
plume and distance from the vent, based on 36 explosive
eruptions, worldwide, that produced 0.1 km’ or more of
pyroclastic ejecta. From Newhall (1982).

Distance Thickness
km cm
5 10 30 50 70 100 200 300 400 500 800 1000
10 7 25 35 50 70 100 200 300 400 600 80O
15 5 20 25 30 40 60 100 200 300 400 600
20 4 15 20 25 35 50 70 100 150 250 400
30 3 10 15 20 30 40 50 70 100 150 250
40 2 5 10 15 20 30 40 50 70 100 150
50 1 4 7 10 15 20 30 40 50 80 120
100 0.5 1 2 3 5 10 15 20 30 60 100
200 0.1 0.3 0.5 0.7 1 2 3 5 7 10 50
99% 90 80 70 60 50 40 30 20 10 1

Percentage of tephra deposits with thickness greater
than or equal to the value given

104



Table 5-4. Relation between tephra thickness along the axis of a
plume and distance from the vent, based on 15 explosive
eruptions, worldwide, that produced less than 0.1 km*® of
pyroclastic ejecta. From Newhall (1982).

Distance Thickness
km cm
5 tr 0.1 0.2 0.4 1 2 5 10 15 30 45
10 tr 0.1 0.2 0.3 0.5 1 2 5 10 20 30
15 tr tr 0.1 0.3 0.4 0.8 1 2 5 10 20
20 tr tr 0.1 0.2 0.3 0.5 0.8 1 2 5 15
30 tr tr tr 0.1 0.2 0.3 0.5 0.8 1 2 10
40 tr tr tr 0.1 0.2 0.2 0.3 0.5 0.8 1 5
50 tr tr tr tr 0.1 0.2 0.2 0.3 0.5 0.8 3
100 tr tr tr tr tr 0.1 0.1 0.2 0.3 0.5 1
200 tr tr tr tr tr tr tr tr 0.1 0.2 O.
99% 90 80 70 60 50 40 30 20 10 1

Percentage of tephra deposits with thickness greater
than or equal to the value given

tr = trace, less than 0.1 cm
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may be affected by large debris avalanches, lahars, lateral
blasts, and pyroclastic flows and surges energetic enough to cross
divides.

The radius of the proximal-hazard zone as defined here may
exceed the maximum extent of previous events at some volcanoes.
However, a zone of this size would create a buffer that should
mitigate the effects of most future unprecedented events. The
proximal-hazard zones of adjacent volcanoces overlap for most of
the Cascade Range (Plate 1), creating a north-trending zone within
which the maximum effects of future eruptions will be
concentrated.

Pyroclastic flows, debris avalanches, and lahars and floods
have extended beyond the proximal-hazard zone at some volcanoes,
particularly down river valleys leading away from them. The
distal lahar- and flood-hazard zone, discussed next, takes these
events into account.

5.3 Distal hazard zones for lahars and floods

Two main groups of volcanic processes commonly affect areas
more than 50 km from a vent: lahars and floods, the subject of
this section, and tephra falls, discussed in section 5.4. Owing
to great mobility and confinement to topographic depressions,
lahars can reach tens to more than a hundred kilometers from a
vent (section 3.2.7; Table 3-1). Figures 5-5 and 5-6 indicate
that lahars that traveled a minimum distance of 50 km from Cascade
Range volcanoes constitute about 5 percent of the total. This
represents a minimum percentage as many of the lahars assigned
minimum travel-distances of less than 50 km may have actually
exceeded 50 km. In fact, lahars from several Cascade volcanoes--
Glacier Peak, Mount Rainier, Mount Adams, Mount St. Helens, and
Mount Hood--have inundated valley bottoms more than 50 km away.

The number of eruption-caused lahars and floods that have
affected areas beyond proximal-hazard zones is not well documented
for all volcanoes, in part because of lack of study, but also
because many floods leave thin and discontinuous deposits that are
difficult to identify or interpret correctly. Studies stimulated
by the 1980 eruption of Mount St. Helens documented the
transformation of lahars to hyperconcentrated flows to flood flows
that affected areas more than 50 km downvalley (Pierson and Scott,
1985; Scott, 1985, 1986). There may have been more lahars and
floods in the past in these distal areas than heretofore
recognized, hence the probabilities given in this report may
eventually have to be increased.

In addition to inundation by lahars and floods, distal-hazard
zones are subject to changes in stream channels and flood plains
resulting from events upstream. Increased sediment deposition
persisting for years to decades after eruptions could greatly
affect channel capacities, flood heights, and inundation areas of
subsequent lahars and floods in distal-hazard zones.

In the Cascades during postglacial time, large-volume lahars
and floods have occurred most often at snow- and ice-covered
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volcanoes that have erupted frequently, they are almost
nonexistent at volcanoes with little snow and ice or eruptive
activity (Appendix A). Distal lahar- and flood-hazard zones
(Plate 1) are shown at all 13 major Cascade volcanic centers
except Medicine Lake and Newberry volcanoes, which lack permanent
snow cover and have relatively gentle slopes. Distal lahar- and
flood- hazard zones are shown along drainages that head directly
on any of the other 11 major volcanoes, whether or not large
lahars actually occurred at these volcanoes in postglacial time.
The hazard zones extend downvalley to the nearest large reservoir
or junction with a river valley whose capacity to contain lahars
and floods 1s large enough to accommodate an increased flow
without transmitting a significant hazard farther downvalley.

Distal lahar- and flood-hazard zones are shown
diagrammatically on Plate 1, because the map is at a small scale,
and the inundation areas depend on the detailed topography of a
river valley. The hazard zones generally include active river
channels, adjacent flood plains, and most low river terraces; an
exact shape and extent of the hazard zone can only be determined
in each valley by modelling past events and determining
appropriate discharge and inundation levels for each drainage.

Within each distal lahar- and flood-hazard zone, hazard
decreases gradually with increasing distance downvalley and more
abruptly with increasing height above flood plains. Owing to
variations in the size of the largest expectable lahar or flood
from specific volcanoes and the effect of topography on the level
of inundation, relative degrees of hazard should be evaluated on a
site-by-site basis (see section 6.3.2).

5.4 Tephra-hazard zones

This section describes hazard-zonation maps for tephra from
future eruptions of the 13 major Cascade volcanoes discussed in
Chapter 4. Tephras, because they are carried by winds, can affect
a greater area than any other type of volcanic hazard. Explosive
eruptions commonly produce deposits more than 1 ¢m thick hundreds
of kilometers from vents. For example, the May 18, 1980 eruption
of Mount St. Helens, which produced about 0.2 km’ of tephra (magma
equivalent}, deposited about 5 cm of ash near Ritzville,
Washington, 300 km to the east (Fig. 3-1; Sarna-Wojcicki and
others, 1981). '

Zonation for potential tephra hazards should consider the
variability in the frequency of explosive eruptions, the
variability in the thickness of tephra that is deposited at
various downwind distances, and the variability in wind
directions. For this report, a method that combines these three
factors has been used to produce contour maps of annual
probabilities for specified tephra thicknesses.

Annual probabilities of specified tephra thicknesses were
calculated for a grid (5-km spacing) of points covering the
Pacific Northwest. The probability grid values were then
contoured. For each grid point, the annual probability of the
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specified accumulation from each of the 13 major Cascade volcanoes
was determined. The probability estimate for each volcano is the
product of three conditional probabilities: (1} the annual
probability of an explosive eruption that produces 0.1 km® or more
of pyroclastic deposits (i.e., deposits of airfall tephra,
pyroclastic flows, and pyroclastic surges); (2) the probability
that the eruption will produce at least the specified tephra
thickness at the volcano-to-grid-point distance; and (3) the mean
annual probability that the given point is downwind from the
volcano. The sum of these 13 volcano-specific probabilities
constitutes the probability estimate for the given point.

The annual probability of an explosive eruption having a
volume of 0.1 km®’ or more at a given volcano was determined by
compiling both historical and prehistorical data concerning
eruptive activity of that volcano (Appendix A). The effective
annual probability is the ratio of the number of eruptions to the
time interval (in years) within which the eruptions occurred (see
section 2.2; Table 5-1). Implicit in this procedure is the
assumption that eruptions occur randomly in time. Therefore,

Probability = 1-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, the recurrence intervals are long enough
that annual probabilities calculated from the above equation are
effectively the same as the mean frequency, i.e., the ratio of the
number of events to the number of years in which they occurred.

The subset of eruptions that produced less than 0.1 km® of
pyroclastic deposits was excluded from the calculations, even
though such eruptions are more frequent than larger eruptions.
This subset was excluded because these relatively small eruptions
produce much less tephra than do eruptions of 0.1 km® or more. In
general, tephra from eruptions of less than 0.1 km® would be less
than 1 cm thick beyond the 50-km proximal-hazard zone (Tables 5-3
and 5-4; Newhall, 1982).

Although such small explosive eruptions were excluded from
the analysis, they can not be ignored. Even small tephra
accumulations have demonstrated a great capacity to disrupt
technologically advanced societies (section 3.3; Schuster, 1981,
1983; Warrick and others, 1981).

For most major Cascade volcanoes, too few postglacial
eruptions are documented for us to calculate a trustworthy
eruption probability (Table 5-1). Indeed, most of the uncertainty
in the calculations stems from the uncertainty in the annual
eruption probability estimates. Nonetheless, in the absence of a
more satisfactory alternative, an annual probability was assigned
to each volcano by dividing the number of known explosive
eruptions (volume >= 0.1 km’} by the duration of the eruptive
record chosen. For some volcanoes with a high rate of postglacial
activity, the chosen interval was less than 12,000 yr. For many
volcanoes the past 12,000 yr, (postglacial time), was chosen. 1If
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no suliltable postglacial eruptions were known for that volcano, the
interval was extended back to include older eruptions. If no
suitable older eruptions were known, an eruption probability of 1
X 10°° /yr was arbitrarily assigned to that volcano in recognition
of the fact that the probability is low, but finite.

Owing to its relative youth, its rather frequent eruptions,
and the great deal of study it has received, the long-term
eruptive behavior of Mount St. Helens is better understood than
that of any other Cascade volcano. St. Helens' eruptions do not
occur randomly in time;, periods of relatively frequent activity
are separated by periods of apparent repose. However, we have no
reason to suppose that, within eruptive periods, eruptions that
produced more than 0.1 km®* of tephra do not occur randomly in
time. Therefore, the eruptive record for only the past 500 yr was
selected. This time interval was chosen because we believe that
the types and frequency of eruptive activity within it more
accurately represent the probable near-future behavior than do
longer time intervals, which include lengthy periods of dormancy.

The calculated mean annual probability that a given point
will be downwind from a given volcano was based on National
Weather Service wind-frequency data for a 20-year period reported
by Crandell {(1976; Table 5-2). These data are for sixteen 22.5°
sectors for Quillayute, Washington, at altitudes between about
3,000 and 16,000 m, and were applied to the entire Pacific
Northwest because high-level wind patterns are essentially the
same throughout the region. The wind probabilities were assigned
to the midpoints of their respective sectors; the probabilities
for azimuths between midpoints were calculated by linear
interpolation. A more rigorous analysis, appropriate for a
specific site (section 6.3.4), would consider the small
differences in wind-direction frequencies throughout the Pacific
Northwest, the variation in wind speed, and the differences in
both parameters with altitude.

The probability that an eruption will produce as much or more
than a specified thickness of tephra along the axis of the tephra
plume was taken from Newhall (1982; Tables 5-3 and 5-4).

Ideally, variation in tephra thickness with distance from the
Cascade Range volcanoes could be used to estimate the probability
that an eruption of a given volume would produce a specified
tephra thickness at a specified distance. However, such data are
too scanty to make meaningful estimates. Thus, data from
Newhall's {1982), worldwide sample of eruptions were used (Table
5-3}).

Newhall's (1982) probability estimates were used here in the
following fashion. A probability-distance relation was determined
from Table 5-4 for three tephra thicknesses: greater than or equal
to 1l cm, 10 cm, and 1 m. Probabilities were assigned to grid
points that were less than 200 km (the maximum distance considered
in Table 5-4) from a given volcano by linear interpolation between
bracketing probability values from Table 5-4. To make probability
estimates for distances greater than 200 km, an exponential least-
squares curve was fit to the tabular values for each of the three
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tephra thicknesses. An example is shown in Figure 5-7. The
equations for these curves were then used to calculate
probabilities for distances greater than 200 km.

The grid of probability values produced by the calculations
was contoured at order-of-magnitude intervals. Plates 2, 3, and 4
are the resulting maps for tephra thicknesses equal to or greater
than 1 ¢m, 10 ¢m, and 1 m, respectively. ©Note that Mount St.
Helens tends to dominate the probability pattern, particularly on
the 1l-cm and 10-cm maps, because of its relatively high annual
eruption probability. Mount St. Helens is not as dominant on the
1-m map because the probability of deposition of 1 m or more of
tephra decreases more rapidly with distance from the source than
do the probabilities for l-cm and 10-cm accumulations.

The scheme described above has a number of shortcomings. The
chief deficlency is the large uncertainty in estimates of annual
eruption probability. Annual probabilities calculated from data
in Table 5-1 should be considered minimum estimates, because of
the incomplete geologic record and our limited ability to
interpret that record. Some postglacial eruptions probably still
remain unrecognized. For many Cascade volcanoes, the annual
eruption probabilities are based on so few eruptions (in some
cases no eruptions of that specific volcano) that the estimates
are little more than best guesses. This problem is diminished to
some extent by the relatively trustworthy eruption probability
estimate for Mount St. Helens and the likelihood that some
evidence of most eruptions in the Cascade Range larger than 0.1
km® has been found. Because the Mount St. Helens estimate is more
than an order of magnitude larger than that of any other Cascade
volcano, the contribution of the low-probability volcanoes to the
total Cascade probability is small, at least for the 1l-cm and 10~
cm maps. The probability patterns on the tephra-accumulation maps
are sensitive to the annual probability estimates, which in turn
vary according to the selection of a time interval at the various
volcanoes. At Mount St. Helens, for example, time intervals that
extend farther back than the past 500 yrs would yield lower
probability estimates.

A second source of error in the total Cascade probability is
uncertainty in the distance-thickness probability estimates.
These estimates (Tables 5-3 and 5-4) are based on published
distance-thickness data for 35 eruptions, which represent
virtually all the data available at the time that Newhall (1982)
compiled them. These data are biased towards larger eruptions
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because the deposits of large eruptions are better preserved and
more easily measured than the deposits of smaller eruptions. For
this reason, more information exists concerning the products of
large eruptions than of small eruptions. Newhall (1982) attempted
to correct the values in his tables to compensate for this bias.
However, data from the larger eruptions are still
disproportionately represented (C. G. Newhall, personal commun.,
1986). Consequently, the probability estimates taken from Table
5-3 are conservative;, that is, they are somewhat larger than they
should be. Nevertheless, these values are used because the error
tends to negate underestimates in the annual eruption
probabilities of Cascade volcanoes. Furthermore, over-estimates
of probability introduce a safety margin into the calculations.

The accuracy of the probability maps can be roughly checked
by comparing estimates based on these maps to tephra-accumulation
frequencies determined at specific sites in the northwestern
United States. Few sites faithfully preserve tephras over long
time periods; the most propitious sites seem to be long-lived
lakes. One such site--Summer Lake, in south-central Oregon--
accumulated tephras, with only one known brief depositional break,
between about 16,000 and 335,000 yr ago {Davis, 1985). Fifty-
three tephras were deposited within this time, so the mean
frequency of tephra accumulation for this site has been about 2 X
10°* /yr for a period of 319,000 yr. Some of the tephras may not
be from Cascade volcanoes, so the value for the Cascades may be
somewhat lower. However, 2 X 10°* is probably a reasonable order-
of-magnitude, long-term mean annual frequency of tephra deposition
from Cascade volcanoes for this site. This value can be compared
to the estimated probability from the tephra maps (Plate 4) if it
is assumed that most of the tephra layers at Summer Lake are 1 ¢m
thick or more {no published thickness data are available). Plate
4 shows an estimate of an annual probablility of the accumulation
of 1 cm or more of tephra at Summer Lake of 10°®. This value is
influenced strongly by the annual eruption probability for Mount
St. Helens, which in turn is based on the eruption frequency
during the last 500 yrs, a more active time than earlier. 1If the
mean long-term eruption frequency during the past 13,700 yrs,
{Table 5-1) for Mount St. Helens were used, the probability map
would vield an order-of-magnitude value of 10°* for the Summer
Lake site. 1In other words, the probability maps are consistent
with the limited site-specific data that are available if the
long-term probability at Mount St. Helens is used instead of the
short-term probability.

Because of the uncertainties of the analysis, the maps should
be considered as semi-quantitative depictions of tephra-
accunmulation probabilities. Relative probabilities, the
probability differences between points, are probably more
trustworthy than the absolute value of the probability at those
roints. Furthermore, the contour patterns are, at least in a
general way, probably realistic.
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5.5 Hazard zones for eruptions of basaltic volcanoes
and volcanic fields of the Cascade Range

In addition to the 13 major volcanic centers shown on Plate
1, many Quaternary volcanoes and fields of volcanoes are composed
chiefly of basalt and basaltic andesite. These volcanoes
typically formed during a single, relatively brief eruptive
period; some basaltic volcanoes and volcanic fields, however,
represent many eruptions. Both types are termed basaltic
volcanoes in this report (section 4.15). Several similar volcanic
fields are also shown in central Oregon east of the Cascades. The
eruptions of basaltic volcanoes have produced widely different
volumes of products, but typically were not highly explosive. The
hazard zones on Plate 1 were constructed by drawing a circle with
a 15-km radius around basaltic volcanoes in the Cascade Range and
central Oregon that erupted during about the last 1 million years
(Fig. 4-58). Even though some of these specific vents probably
will not erupt again, the areas adjacent to them are likely sites
of new vents.

A circular hazard zone with a radius of 15 km is used because
the principal effects of eruptions of basaltic volcanoes are
restricted to within that distance of vents. The most serious
hazards are associated with lava flows, base surges, impact and
burial by ballistic fragments, burial by thick accumulations of
tephra, and faulting and fissuring near vents. During single
eruptive episodes, surface faults and fissures may extend several
kilometers beyond vents, and typically a chain of vents may open
along a zone of fissures, some of which can extend for tens of
kilometers. Thick tephra originating at basaltic volcances is
generally restricted to within a few kilometers of vents; in most
past eruptions, tephra accumulations have been negligible beyond
15 km. Lava flows have been by far the most voluminous product of
past eruptions of basaltic volcanoces. Lava flows are typically
less than 15 km long (Figs. 4-59 and 4-60), although some have
exceeded 20 km. At some vents interaction of magma with ground
water could cause violent explosions that can generate base surges
(Table 3-1) and throw out ballistic blocks;, these events seldom
affect areas more than about 15 km from a vent. Beyond 15 km,
hazards consist primarily of accumulation of thin deposits of
tephra and lahars and floods extending downstream from vents in
snow-covered areas. In addition, voluminous debris avalanches are
possible at the larger, steep-sided basaltic volcanoes. It is
possible, although unlikely, that such avalanches and associated
lahars could extend down valleys beyond the basaltic-volcano
hazard zones shown on Plate 1.

Within the basaltic-volcano-hazard zones shown on Plate 1, it
is difficult to predict specifically where future eruptions are
likely to occur; many basaltic volcanoes erupt only once, and the
next eruption may be at a new site within the field. The
probability that an area in the Cascades will be covered with lava
erupted at a basaltic vent in a given year is related to the long-
term rate at which lava is being erupted in the Cascade Range,
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which is poorly known for most of the range. However, the annual
frequency, averaged over a time period of 10° yr, of coverage by
lava flows for a point in the range is about 2-3 times per million
years (see section 4-15). For some parts of the range, and for
time intervals shorter than 1 million yr, rates may be greater by
at least an order of magnitude. The annual probability of the

birth of a basaltic volcano within the Cascade Range is on the
order of 3 X 10°?* .
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CHAPTER 6

GENERAL GUIDELINES FOR EVALUATING VOLCANIC HAZARDS
AT PROPOSED SITES FOR NUCLEAR POWER PLANTS
IN THE PACIFIC NORTHWEST

6.1 Introduction

This chapter presents general guidelines for evaluating
volcanic hazards at proposed nuclear power plant sites in the
Pacific Northwest. Overall guildelines for investigations are
described first, then topics are considered more fully in
discussions of the four categories of hazard zones outlined in
Chapter 5.

Evaluation of potential volcanic hazards at specific sites
uses the same rationale, methods, and kinds of information used to
define the hazard zones described in Chapter 5; consequently, this
discussion repeats many statements made there. Determination of
the overall volcanic hazard--the total of frequencies and
magnitudes of all the kinds of volcanic events that can be
anticipated at a site in the future--is derived largely from
scientific studies. In contrast, determination of the level of
risk that is acceptable at such a site 1s chiefly a matter of
public policy, subject to changing technological capabilities of
hazard mitigation, and is not discussed herein.

Information that should be considered for evaluation of
potential volcanic hazards at proposed sites includes:

1) Freaguency and magnitude of various kinds of volcanic
events that are recorded in the geologic history of the site
itself, or that can be postulated for the site from the record
geologic elsewhere. Adequate evaluation of volcanic hazards for a
specific site requires best possible estimates of the frequency
and magnitude of all kinds of hazardous volcanic events that could
affect the site. Frequency and magnitude estimates should be as
gquantitative as possible, even though the estimates may have large
uncertainties.

Ideally, identification of frequency and magnitude of events
at a site would be sufficient to evaluate the volcanic hazard
there; however, the record of events at a site is likely to be
incomplete. Therefore, investigations of the eruptive record of
nearby volcanoes and of the stratigraphic record up- and
downvalley from the site are needed to add to this incomplete
record.

Both the frequency and magnitude, and thus severity, of
volcanic-hazard events vary widely from one potential site to
another in the Pacific Northwest, especially with distance
downvalley from different volcanoes, and with distance and
direction from potential source vents. The hazard decreases
primarily with increasing distance from an erupting volcano, and,
for flowage phenomena, with height above valley floors. The
frequency with which events affect a site decreases with distance
because large-magnitude events are less common than small ones;
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sites that are progressively farther downvalley are subject to
progressively fewer events. The severity of the effects of some
events also decreases with lncreasing distance; many flowage
deposits decrease in volume and thickness, and tephra deposits
decrease in grain size and thickness.

The hazard from tephra varies with direction from volcanoes
because winds over Cascade Range volcanoes blow dominantly toward
easterly directions (Table 5-2). The tephra hazard at a site
directly east of a volcano, for example, i1s an order of magnitude
or more greater than it is at a comparable distance directly west
of that volcano.

2) Eruptive histories of each volcano that could affect the
site. A basic assumption of most volcanic-hazard evaluations is
that the eruptive history of a volcano is the primary basis for
assessing its likely future behavior. The eruptive history
provides basic information for judging type, frequency, and
magnitude of future events. However, the eruptive history deduced
from geologic studies is likely to be incomplete; in particular,
it probably lacks evidence of many small events, and perhaps of
even some large ones. However, well documented eruptive events at
a volcano provide models that can be logically used in postulating
effects of similar eruptions at that volcano in the future.

Crandell and Mullineaux (1975, 1978), Crandell and others
{1979), Miller (1980), Crandell (1980), Crandell and others
{1984), and Scott (1985, 1986) discuss the techniques and
rationale used in investigations of eruptive histories of Cascade
Range volcanoes and provide some recent examples. Investigations
include a compilation of information on eruptive behavior 1in
historic time, which for most Cascade volcanoes is brief, and more
importantly, stratigraphic studies of deposits around the flanks
of a volcano and along valleys that drain it. Tracing and dating
of the deposits, and interpretation of their origin lead to
development of a record of past activity that includes information
about the frequency, type, and magnitude of past eruptions and
areas that were affected.

Determination of frequency of eruptions from all volcanoes
that might affect a site allows calculation of total probabilities
for the various phenomena. In the past, the frequency of
eruptions has varied widely from one volcano to another, and the
eruption frequency at one volcano might dominate the probability
of eruptive effects at a site even far from that volcano. This
point 1s illustrated in the discussion of tephra-hazard zones in
section 5.4, which shows how Mount St. Helens' numerous past
tephra eruptions dominate the probability distribution for future
tephra falls throughout the Pacific Northwest. Obviously, the
probability that a site will be affected by eruptions varies
according to its proximity to different volcanoes whose eruptive
frequenclies differ, and according to the number of volcanoes that
might affect the site.
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3} Events of a tvpe or magnitude that have not been
recognized in the history of a given volcano, but which are known
to have occurred at similar volcanoces elsewhere. Unprecedented
events at a given volcano provide information about infrequent but
large-magnitude events that may represent the greatest potential
threat at a given site.

The Mount St. Helens eruptions of 1980 showed that events of
unprecedented magnitude and character do occur, and therefore
should be taken into account in evaluating hazards (Miller and
others, 198l1). Events that occurred at Cascade volcanoes other
than the one under investigation, or at other volcanoes of similar
type in similar tectonic settings elsewhere in the world, can be
used as models. For example, the 1980 lateral blast at Mount St.
Helens and others that have occurred in the c¢ircum-Pacific region
are guldes for evaluating the consequences of a laterally directed
blast at a volcano that has not produced one in the past (Crandell
and Hoblitt, 1986).

The probability of an event of unprecedented magnitude or
type at a given volcano is difficult to quantify; however,
geologic, geophysical, and geochemical studies can help to narrow
the uncertainty. For example, knowledge of the evolution and
current state of a magma body could help greatly in forecasting
future eruptive events. We have identified several Cascade
volcanic centers at which a large-volume eruption similar to that
of Mount Mazama might occur. Such an eruption requires a large,
shallow body of silicic magma. Various studies have tried to
determine whether such bodies exist beneath certain volcanoes
(e.g., Bacon, 1985).

4) Potential effectiveness of mitigation. Numerous
mitigative measures are available for reducing the losses from
volcanic events (e.g., UNDRO, 1985); however, their effectiveness
varies greatly from place to place and for different types of
eruptions. For example, a warning that lahars are flowing off a
volcano is more useful for a site 50 km downvalley than one at 10
km because of the greater time for response. Also, engineering
works to divert or contain flowage phenomena may be effective for
small-volume events, but be overwhelmed by large ones. A
significant aspect of planning mitigative measures is the
uncertainty likely to accompany volcanic crises. The unrest that
began at Mount Baker in 1975 has not led to an eruption, which
illustrates the uncertainty in forecasting the course of activity
(Frank and others, 1977). Mitigative measures that require
decisions to be made during such crises must be formulated with an
appreciation of the uncertainty that is likely to exist.

5) Possible adverse secondary effects of volcanic events on
operations of a nuclear power plant. Numerous secondary effects
of volcanic eruptions can impact operations; most concern possible
interference with various plant systems. For example, the
likelihood of interruption or contamination of cooling water
supply or discharge may vary greatly from one site to another.
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6.2 Evaluation criteria used in previous safety analysis reports
for nuclear power plant sites in the Pacific Northwest

A limited number of approaches have been used to evaluate
volcanic hazards at nuclear power plant sites in the Pacific
Northwest (for example, Washington Public Power Supply System,
1981la and b; Shannon and Wilson, Inc., 1976, Portland General
Electric, 1976). Most concentrated on reviewing postglacial
eruptive behavior of nearby Cascade volcanoes and postulating the
effects of future eruptions on the sites.

Tephra hazards were considered in greatest detall, because
most of the sites were at locations not subject to lahars and
pyroclastic flows. The approach consisted largely of using
specific past tephra falls as models, given the type of volcanoes
near the site, the history of tephra eruptions from these
volcanoes or others of similar character, and the direction and
distance from volcanoes in the region. The model eruptions
included a wide volume range of Cascade eruptions or large
historic eruptions elsewhere. Potential tephra thicknesses and
loads at a site were estimated from plots of model thickness vs.
distance.

The 1980 eruption of Mount St. Helens caused increased
awareness of volcanic hazards. BAs a consequence, the Nuclear
Regulatory Commission asked the operators of the Trojan Nuclear
Plant, which lies along the Columbia River about 55 km west-
southwest of Mount St. Helens, to reevaluate volcanic hazards at
the site (Portland General Electric, 1980; Beaulieu and Peterson,
1981). Consultants analyzed the effects of the 1980 eruption on
the plant and postulated what the effects would have been had the
debris avalanche and lateral blast been directed southwestward
rather than northward. They also analyzed the potential effects
on the plant from future lahars from Mount St. Helens.

6.3 Guidelines for evaluation of sites in each hazard zone

We divide the following discussion into four sections
depending on the location of a proposed site with respect to the
four categories of zones described in Chapter 5 and shown on
Plates 1 to 4: The 50-km zone of proximal hazards, the distal
lahar- and flood-hazard zone, the hazard zone from eruptions of
basaltic volcanoes and volcanic fields, and tephra-hazard zones
beyond 50 km. The information needed to assess the volcanic
hazards in each of these 2zones is summarized in Tables 6-1 to 6-4.

6.3.1 Proximal-hazard zones

Areas within 50 km of the 13 major Cascade volcanoes, which
we call proximal-hazard zones, are subject to most kinds of
hazards associated with volcanoes. Some of these hazards are
present between as well as during eruptions. Proximal-hazard
zones wWill be most frequently and most severely affected by direct
and indirect effects of future volcanism, although the frequency
and severity may range widely within and among the zones. There
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are presently no nuclear power plants within the proximal-hazard
zones. However, sites have been proposed in the past that are
within 50 km of Cascade volcanoes, such as the Skagit site near
Sedro-Woolley, Washington.

For any site within a proximal-hazard zone, investigations of
the stratigraphic record of eruptive products at and near the site
and of the eruptive histories of nearby volcanoes are necessary to
provide basic data about frequency and severity of effects that
could impact the site. Many sites would be subject to hazardous
events from more than one volcano, thus past histories of several
nearby volcanoes might be required. The geologic events recorded
by eruptive products at the site itself would provide only a
minimum estimate of the kind, scale, and frequency of hazardous
events at the site.

The record of activity should be analyzed for several time
periods in order to cover fully the types, scales, and frequencies
of eruptions at a given volcano. For example, the record of the
last 4500 yr, and even the last 500 yr, at Mount St. Helens
provides numerous and varied events of the type and magnitude that
are likely to occur in the future. A longer time period,
typically postglacial time (the last 12,000-15,000 yr}), is needed
for most other Cascade volcanoes in order to obtain a more
complete sample. At volcanoes that have had little or no activity
in postglacial time, like Mount Jefferson, the record of the last
50,000 to 100,000 yr needs to be analyzed. A record of a long
time period is necessary even at volcanoes that have been
recurrently active throughout postglacial time, in order to
identify low-frequency, but large-magnitude, events such as large-
volume tephra eruptions at Mount Rainier, or caldera-forming
eruptions at Three Sisters, Newberry volcano, Medicine Lake
volcano, and the Lassen volcanic center. We recommend that
activity be analyzed over time periods of about 2000, 15,000, and
100,000 and 1 million yr.

The geographic position of the site should be reviewed
relative to the varying frequency and severity of effects outward
from nearby volcanoces. For flowage phenomena, both valleys
heading on volcanoes and valleys separated from the volcanoes by
low, potentially surmountable divides require attention.
Evaluation of hazards from flowage events in relation to height
above the valley floor is also necessary. For tephra hazards, the
site should be reviewed in relation to frequency and strength of
winds from the direction of nearby volcanoces. Tephra derived from
large-volume eruptions of distant volcanoes might also be a hazard
for sites within the proximal-hazard zones, and guidelines
suggested later in section 6.3.4 are appropriate.

Evaluations also need to address unprecedented events that
conceivably could affect the site, because areas within the
proximal-hazard zone would most likely be affected by such events.
In particular, the potential for debris avalanches, pyroclastic
flows, lateral blasts, and tephra falls of greater magnitude than
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those recorded at a specific site or at a specific volcano should
be considered. The areal extent of postulated unprecedented
events should be plotted with their origin at all nearby
volcanoes.

The potential for mitigating the effects of volcanism, such
as the short-term evacuation of people and movable property, and
short- and long-term protection of fixed facilities, would vary
greatly from site to site within the proximal-hazard zone. The
effectiveness of mitigative measures would depend mostly on the
location of the site relative to volcanoes and the accuracy of the
forecasts of eruptive events. Sites in confined valleys with
limited access, for example, could present problems in evacuating
people or movable property. Sites near the outer limits of the
zone would allow more time to carry out protective measures.

Adverse secondary effects of volcanism on plant operations
would vary greatly from site to site within the proximal zone, but
would generally decrease away from a volcano. Some secondary
effects probably would also differ from time to time over short
time periods. For example, the flood hazard would differ with
changing meterological conditions. Other secondary effects could
change markedly with the passage of longer periods of time. For
example, the capacities of channels and flood plains to affect
flood levels could be reduced as a result of increased sediment
loads.

If a nuclear power plant were sited within 50 km of any of
the major Cascade volcanoes, we recommend that the current state
of that volcano {or volcanoes) be monitored. By using appropriate
geophysical and geochemical techniques, scientists could probably
provide timely warning of eruptions (e.g., UNESCO, 1971; Newhall,
1984, Decker, 1986). For example, one week of premonitory
earthquake activity in March 1980 preceded the initial eruption of
the present eruptive period at Mount St. Helens (Malone and
others, 1981). Although a specific prediction of the magnitude
and timing of the catastrophic eruption of May 18, 1980, was not
possible, continuing seismicity, ground deformation, and phreatic
explosions between March and May provided warning of an increased
probability of more and larger eruptions. After May 18, most
eruptions of Mount St. Helens have been predicted successfully
{Malone and others, 1981; Swanson and others, 1981, 1983).
Although some hazardous events at volcanoes can begin with little
warning, especially debris avalanches and lahars unrelated to
eruptions, and premonitory activity and small phreatic eruptions
don't always lead to major magmatic eruptions (e.g., Fiske, 1984),
a monitoring system can greatly increase the chance that an
eruption will be anticipated.
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Table 6-1. Information needed for volcanic-hazard assessment at

11.

sites within proximal-hazard zones.

Stratigraphic record of all volcanic events that affected the
site and adjacent region.

Eruptive histories of volcanoes whose future eruptions could
affect the site.

Frequency of eruptive activity at the volcanoes in item 2
during the past 2000 yr, 12,000 yr, and 100,000, and 1
million yr'.

Annual probability that site will be affected by the
following:

Lateral blast

Debris avalanche

Pyroclastic flow

Pyroclastic surge

Lava flow

Atmospheric shock wave

Lahar

Flood

i. Volcanic gases

Possible effects of volcanic phenomena that could reach site,
its access routes, and source and discharge area of cooling
water.

Range in magnitude of each type of event that could reach the
site.

Range in arrival time at site of each event listed under item
4.

Items in Table 6-3 if site lies in a basaltic-volcano hazard
zone.

Items in Table 6-4 relating to tephra hazards.

Impacts of sedimentation and erosion on sources and treatment
of cooling water, access to plant site, and flood frequencies
following various types of eruptions.

Likelihood that initiation of each volcanic event under item
4 and a tephra eruption could be predicted by appropriate
monitoring techniques 1 hr, 1 day, and 1 week before it
occurred.

SQHOQLQU O

t Items 1 and 2 do not duplicate each other. Much or most

of the eruptive history of the volcanoes will not be
based on deposits found at the site.
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6.3.2 Distal lahar-and flood-hazard zones

Valleys beyond the 50-km proximal-hazard zone around many of
the major Cascade volcanoes are identified in Plate 1 as being at
risk from flowage phenomena, chiefly because lahars, lahar-runout
flows, and floods could inundate them during future eruptions.
Debris avalanches and pyroclastic flows of the largest scale known
from Cascade Range volcanoes could also extend beyond proximal-
hazard zones. Owing to their downvalley distance from volcanoes,
these distal zones are affected only by less frequent, but large
magnitude, flowage events. The threat of inundation in distal
zones is limited to valley floors or topographic basins. Sites in
distal-hazard zones are also subject to tephra falls from other
volcanoes, which are treated in section 6.3.4.

A hazard assessment for a site in the distal zone should
include an analysis of past eruptive behavior of all volcanoces
drained by streams that lead to the valley containing the site.
Volcanoes that are separated from the drainage basin in which the
site lies by low, potentially surmountable divides also need to be
studied. Geological investigations at the site itself should be
made to determine the record of lahars, lahar-runout flows, and
floods that can be identiflied there. Because the record at the
site itself is likely to be incomplete, however, the
investigations should be extended to the entire drainage basin to
search for evidence of events not identified at the site. 1In
addition to identifying events, the investigations should also
gather data on the depth of flows and inundation levels. Crandell
and Mullineaux (1975, 1978) and Scott {1985, 1986) discuss the
techniques for carrying out these investigations and their
rationale.

The likelihood and effects of flowage events of unprecedented
type or magnitude should also be assessed for each volcano whose
eruptions could affect the site. Such an assessment can be done
by analogy with events at volcanoes elsewhere or by models such as
lahar- or flood-routing (e.g., Dunne and Leopold, 1981; Lang and
Dent, 1983; Laenen and others, 1987). Many valleys that drain
Cascade Range volcanoes contain reservoirs that may act as traps
for lahars and floods (e.g., Crandell and Mullineaux, 1978).
However, the effects of failure of dams upstream from the site
should be analyzed because such failures could greatly increase
the volume of lahars and floods above those in the geologic
record. Also, several processes can form debris-dammed lakes, the
sudden release of which might produce lahars and floods of
unprecedented magnitude (Jennings and others, 1981; Scott, 1986).

Some pyroclastic flows of Quaternary age from Cascade Range
volcanoes traveled beyond the 50-km proximal zone. Therefore,
investigations should provide an estimate of the probability that
sites in the distal zone would be affected by large-volume
pyroclastic flows being generated at nearby volcanoes.

Possibly adverse secondary effects of eruptions on stream
channels and flood plains in distal-hazard zones also should be
assessed. ' Lahar- and flood-inundation zones may be altered due to
aggradation or other changes caused by the passage of lahars and
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floods (e.g., Lombard and others, 1981; U.S. Army Corps of
Engineers, 1984). This includes both events that directly affect
areas adjacent to the site and those whose direct effects are
restricted to areas upvalley of the site. 1If streams provide
cooling water for the plant, the effects of lahars and floods, and
channel changes on intake and outflow structures should be
analyzed. Furthermore, the effects of eruptive products on
sediment concentration and changes in water quality must be
assessed.

123



Table 6-2. Information needed for volcanic-hazard assessment at

w N

O ®©

10.

sites in distal lahar- and flood-hazard zones.

Stratigraphic record of lahars and floods at site and in
drainage basin in which site is located.

Inundation levels of past lahars and floods near the site.
Frequenclies of lahars and floods in the drainage basin of the
site during the past 2000, 15,000, and 100,000 yr.

Eruptive histories of nearby volcanoes lying in same drainage
basin as site, or that are separated from basin by low divide
that could be overtopped by large-volume lahars or debris
avalanches.

Analysis of likelihood and effects of debris avalanches,
lahars, and floods of unprecedented magnitude occurring at
site.

Record of large-volume pyroclastic flows that occurred at
nearby volcanoes, and analysis of the probability of future
such pyroclastic flows reaching site.

Analysis of secondary effects of eruptions at the site,
including impacts on flood stages, intake and discharge works
for cooling water, access routes, etc.

Items in Table 6-4 relating to tephra hazards.

Evaluation of the effectiveness of mitigative measures.
Likelihood that initiation of eruptions that could affect
site could be predicted by appropriate monitoring techniques
1l hr, 1 day, and 1 week before it occurred.
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6.3.3 Hazard zones for basaltic volcanoes and volcanic fields

The hazard zone for basaltic volcanoes and volcanic fields in
much of the Cascade Range is superimposed on proximal-hazard zones
(Plate 1). For sites that lie in both zones, the guidelines
presented here should be combined with those discussed in the
section on proximal-hazard zones. A hazard assessment of a site
within the basaltic-volcano hazard zone should include the past
history of basaltic eruptions in a wide region of perhaps 50-km
radius around the site. Such hazard assessments have been
prepared for several sites at the Idaho National Engineering
Laboratory in southeastern Idaho (Kuntz and Dalrymple, 1979, Kuntz
and others, 1980).

Particular attention should be paid to the possibility of a
new vent appearing at or near a power-plant site. Faults, major
fractures, and other zones of weakness should be explored and
evaluated as potential loci for the formation of vents.

Certain areas of the Cascade Range have had much more
basaltic volcanism in postglacial time than others (section 4.15);
however, over the past one million years, such eruptions have
occurred throughout much of the range between Mount Rainier and
Lassen Peak (Figure 4-58). Current knowledge is insufficient to
predict accurately the time and location of future eruptions.
However, the past frequency of eruptions over time intervals of
10,000 to 1 million yr suggests that areas along the range have
annual probabilities on the order of 10°* to 10°° of being
affected by future eruptions. Studies of specific sites should
result in a more precise probability estimate.

As in the other hazard zones, the possibility of events of
very large or unprecedented magnitude should also be addressed.
Some Quaternary lava flows in the Cascade Range are up to 6 times
longer than the 15-km length used in defining the basaltic-volcano
hazard zone.

Potential hazards from lahars and floods that could be
generated by eruptions of basaltic volcanoes also should be
addressed. Breaching of lava-flow dams that formed large lakes
could generate catastrophic lahars and floods. An evaluation

should also be made of the potential for flooding of the site by
lakes dammed by lava flows.
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Table 6-3. Information needed for volcanic-hazard assessment at
sites in basaltic-volcano hazard zones.

1. Eruptive history of basaltic volcanoes in an area of about
50-km radius around site.

2. Frequency of eruptions of basaltic volcanoes in area of item
1 during past 10,000, 100,000, and 1 million yr.

3. Geologic structures around plant site that might control loci
of new vents.

4, Surface deformation at site that might accompany eruptions of
nearby vents.

5. Ground- and surface-water conditions around site that would

influence eruptive behavior at nearby vents, especially
related to generation of pyroclastic surges.

6. Potential for flooding of site behind lava-flow dams.

7. Lahar and flood hazards from eruptions and from breaching of
lava-flow dams.

8. Items in Table 6-2 if site also lies in distal lahar- and
flood-hazard zone.

9. Items in Table 6-4 relating to tephra hazards.
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6.3.4 Tephra-hazard zones
A nuclear-power plant site anywhere in the Pacific Northwest

is subject to hazards from tephra fall. Past tephra eruptions,
particularly those of Glacier Peak, Mount St. Helens, and Mount
Mazama, affected broad regions in and beyond the Pacific Northwest
(Fig. 3-1). The tephra-hazard zones shown on Plates 2-4
illustrate the range in probability for three different tephra
thicknesses, based on eruptive histories of major Cascade
volcanoes (see section 5.4).

Studies to further evaluate tephra hazards at a specific site
should determine the record of late Quaternary tephra falls in a
broad region around the site, and identify the sources of the
tephra. It may be necessary to investigate a region of hundreds
to thousands of square kilometers to assemble a complete record of
tephra falls, including their grain size and original thickness.
Recent reports by Sarna-Wojcicki and others (1983) and Shipley and
Sarna-Wojcicki (1983) can help guide studies.

Analysis should also be made of potential maximum tephra
falls by using, as analogs or models, past large-scale tephra
falls from Cascade Range volcanoes, even if such large events are
unprecedented at volcanoes nearest the site. Tephra from the
climactic eruption of Mount Mazama, and layer ¥n from Mount St.
Helens (Fig. 3-1), have been used at other Cascade volcanoes as
examples of maximum expectable examples to analyze a postulated
worst-case tephra fall at specific sites. 1In these models, the
axis of maximum thickness was directed toward the site from the
closest volcano thought to be capable of such an eruption.

Estimates of the probability that a large-scale tephra
eruption would occur, as judged from past activity at the volcano
as well as wind-direction data, can be used to assess the order-
of-magnitude probability of a fall affecting a site. Several
largely subjective judgments are required for this analysis
{section 5.4), and varying degrees of conservatism can be obtained
by the assumptions used.

Figure 3-1 shows distance versus thickness plots for three
large-volume tephra deposits of postglacial age from Cascade
volcanoes, as well as the relatively small-volume deposit from the
May 18, 1980, eruption of Mount St. Helens. The thicknesses of
the three large deposits are for compacted tephra, and have not
been adjusted to represent loose, freshly fallen tephra.
Observations of historic falls suggest that the thickness of
freshly fallen tephra is approximately halved by compaction
(Blong, 1982). These curves can be used to develop a worst-case
tephra fall at a site. For example, a site 300 km from a
potential source volcano could receive about 10-14 cm of
uncompacted tephra from an eruption similar in volume to those
that deposited the Glacier Peak G or Mount St. Helens ¥Yn tephras.
Three eruptions of this size have occurred in the Cascades in
postglacial time. 1In contrast, a Mazama-type eruption might
result in about 50 cm of uncompacted tephra at a distance of 300
km. The probability of this thickness accumulating at a given

127



site is low {(Plates 3 and 4), because of the low probability of
such a large eruption from a given volcano and the variable
probability of the wind blowing in a direction that would carry
the tephra toward the site.

Mitigation of effects of tephra falls require data about
warning of impending eruptions and probable conditions during a
tephra fall. Studies should determine minimum and most likely
times between an eruption and beginning of tephra effects at a
site. They should also provide data on probable rate, grain size,
and duration of tephra fall, and duration of darkness or poor
visibility caused by the event. Effects on access to and from the
site during and after a tephra fall should be considered.

The rate at which tephra will accumulate during a fall
depends on many factors, including mass-eruption rate, height of
the eruption column, wind direction and speed, and distance from
the volcano. Estimates of duration of fall, rate at which tephra
accumulates, and duration of periods of darkness and poor
visibility can be derived from records of historical eruptions.
Information on fall rates is best obtained from measurements made
during historical tephra falls, although these measurements are
few and the rates are generally averages. Blong (1982) compiled
data on the duration of darkness that accompanied some historical
eruptions and the total thickness of uncompacted tephra that
accumulated at the site where the darkness occurred. If most of
the tephra fell during the time of darkness, the mean rates of
accumulation vary from less than 1 to almost 20 mm/hr. These
values are for total tephra thicknesses that range from 1-300 mm
{see summary in Blong, 1982), equivalent to the range of tephra
thicknesses for all but large-volume eruptions at distances
greater than 50 km from the source volcano. Durations of tephra
falls from eruptions as large as those of Mount St. Helens ¥Yn and
Glacier Peak G probably lasted from several hours to several days.

An analysis should also be made of potential tephra loads.
Estimates of loads on structures at a site can be obtained by
using densities of 0.4-0.7 g/cm® for expected thickness of dry,
uncompacted tephra (Blong, 198l); densities of wet tephra could be
twice as large. An important consideration is the effect of
drifting of tephra by wind, which can produce locally thick
deposits and result in point loads on small areas that are far
greater than the average load of undisturbed tephra.

Potentially adverse secondary effects of tephra falls should
also be evaluated. Reworking of tephra by wind and water could
affect cooling-water facilities and other plant operations for
long time periods after a tephra fall.
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Table 6-4. Summary of information needed for volcanic-hazard

10.

11.

12.

13.

14.

assessment at sites in tephra-hazard 2zones.

Eruptive histories of volcanoes whose explosive eruptions
could result in tephra fall at site.

Frequency of explosive eruptions of volcanoes identified in
item 1 during past 2,000, 15,000, and 100,000 yr.
Stratigraphic record of tephra fall at site and in region
within 50 km of site.

Probable range in uncompacted thickness of tephra at site
based on distance versus thickness plots of model tephra
layers of various volumes.

Annual probability at site of tephra fall of 1 ¢m, 10 cm, and
1l m.

Maximum expectable thickness of tephra fall at site.
Upper-level wind-direction frequencies and velocities at
site.

Range at site of possible grain size of tephra from volcanoes
in item 1.

Range in densities of tephra considering composition, grain
size, and moisture content.

Probable tephra loads on structures using items 4, 6, 8, and
9, and the effects of drifting of tephra by wind.

Range in rates of tephra accumulation, duration of tephra
falls, and duration of darkness and poor visibility caused by
tephra.

Range in arrival time at site of tephra erupted from various
volcanoes.

Effects of atmospheric shock waves caused by a volcanic
explosion.

Expectable patterns of postdepositional erosion and

redeposition of tephra by wind, water, and other processes at
site.
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Appendix A. Tables summarizing recent activity of Cascade
volcanoes.

Terms and Abbreviations

? identity, occurrence, or distance uncertain

Domes build.
Domes {Km)

number of dome-building events
distance of dome from central vent, if

< = less than
= = less than or equal to
> = greater than
= = greater than or equal to
# = number
+/- = plus or minus
A.D. = calendar year of historic events or events
determined chronologically
and. = andesite
approx. = approximately
assm. = assemblage
B.P. = radiocarbon years before 1950 A.D.
C. Cr. = Castle Creek
confl. = confluence
Cr. = creek
C-w = Coldwater
dep. = deposit

appropriate
Domes = number of domes
E = east
Ex. Eruptions = explosive eruptions
exp. = explosion
f. = flow
frst = forest
FS = Forest Service
Is. = island
Km = kilometer
L. = lahar
L.B. = lateral blast
L.F. = lava flow
L.F.V. = distance from central vent to lateral lava-
flow, 1f appropriate
1. = lake '
loc. = location
misc. = miscellaneous
N = north
NE = northeast
NW = northwest
P.L. = parking lot
PF, PF's = pyroclastic flow, pyroclastic flows
Pk. = Peak
Pleist. = Pleistocene
PS, PS's = pyroclastic surge, pyroclastic surges
R. = river
S = south
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S.F. = south fork
SE = southeast
sec. = section

SW = southwest
W = west

yr. = year

Conventions used to convert qualitative terms into numerical data

>=n = n

<=n = n

>n = n+l

<n = n-1

n? = n

n tom = n (where n>m)
many = 5

minor = o

10's = 20

100's = 200

Conventions used in "Dates" column

0000 B.P. = Radiocarbon years before 1950 A.D.

0000 A.D. = Calendar date, from historic information or
dendrochronologic information

0000-0000 = Indicates bracketing dates, i.e., overlying

and underlying units are dated, but the unit
of interest has not been directly dated

Indicates multiple units deposited over the
specified time interval

0000 thru 0000
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Andesite:

Ash (volcanic):

Ash cloud:

Atmospheric shock

wave:

Basalt:

Ballistic fragment:

Basaltic andesite:

Base surge:

Block:

Caldera:

Cinder cone:

APPENDIX B: Glossary

An extrusive volcanic rock of intermediate
silica content (58-63 %) and intermediate
viscosity when in a molten state.

Fragments of lava or rock smaller than 2 mm
in size that are blasted into the air by
volcanic explosions.

Cloud of volcanic ash formed by volcanic
explosions or derived from a pyroclastic
flow.

Strong compressive atmospheric wave driven
by volcanic ejecta.

An extrusive volcanic rock with a low silica
content (< 53 %) and a low viscosity when in
a molten state.

An explosively ejected rock fragment that
follows a ballistic trajectory.

An extrusive volcanic rock with a silica
content of 53-58 %. Viscosity when molten is
intermediate between that of basalt and
andesite.

Turbulent, low-density cloud of rock debris
and water and (or} steam that moves over the
ground surface at high speed.

Fragment of lava or rock larger than 64 mm in
size that is blasted into the air by volcanic
explosions.

A large volcanic collapse depression, more or
less circular in form, with a diameter of one
kilometer or more.

A conical landform composed of unconsolidated

volcanic cinders, usually basalt or basaltic
andesite in composition.
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Composite volcano:

Conduit (volcanic):

Dacite:

Debris avalanche
{volcanic):

Dike:

Dome:

Early Pleistocene:
Fumarole:
Fission-track
dating:

Glacier outburst
flood:

Holocene:

Hydrothermal:

Igneous.:

K-Ar dating:

A volcano that is composed of alternating
layers of lava and pyroclastics. Synonymous
with stratovolcano.

A subterranean passage through which magma
reaches the surface during volcanic activity.

An extrusive volcanic rock intermediate in
silica content (63-68 %) and viscosity
between that of andesite and rhyolite.

Flowing or sliding mixture of soil and rock
debris, with or without water, that moves
away from a volcano at high speed.

A tabular igneous body that cuts across the
planar structures of the surrounding rocks.

A steep-sided mass of viscous lava extruded
from a volcanic vent.

Part of the Pleistocene Epoch between 1.8
million and 730,000 years ago.

An opening in the ground from which hot water
vapor and/or volcanic gases are emitted.

A method of calculating an age in years of an
igneous rock by determining the ratio of
spontaneous fission-track density to induced
fission tracks.

Flood generated by the sudden release of
water from a glacier.

Period of geologic time from about 10,000
years ago until the present.

Of or pertaining to heated water, or to the
products of the action of heated water.

Solidified from a magma, also applied to
processes related to the formation of igneous
rocks.

Determination of the age of a mineral or rock
in years based on the known radiocactive decay
rate of potassium-40 to argon-40.

193



Lahar:

Lahar-runout flow:

Lapilli:

Late glacial:

Late Pleistocene:

Late Quaternary:

Late Wisconsin:

Lateral blast:

Lava flow:

Lithic {(volcanic):

Loess:

Mafic:

Magma:

A mixture of water-saturated rock debris that
flows downslope under the influence of
gravity from a volcano.

Hyperconcentrated streamflow transitional in
sediment concentration between a lahar and
normal streamflow.

Fragments of lava or rock between 2 and 64 mm
in size that are blasted into the air by
volcanic explosions.

Time period between about 20,000 and 15,000
years ago.

Part of the Pleistocene Epoch between 125,000
and 10,000 years ago.

Time period between about 20,000 years ago
and the present.

Period of glacier expansion that, in the
Cascades, culminated between about 22,000 and
18,000 years ago and ended between about
14,000 and 12,500 years ago.

A hot, low-density mixture of rock debris,
ash, and gases that moves at high speed along
the ground surface.

Stream of molten rock that erupts relatively
nonexplosively from a volcano and moves
slowly downslope.

Pertains to pyroclastic deposits that contain
abundant fragments of previously-formed rocks
and/or dense fragments.

A well-sorted deposit of windblown silt-sized
particles that forms a blanket over the
landscape.

An igneous rock composed chiefly of one or
more ferromagnesian (iron-magnesium-rich),
dark-colored minerals.

Molten or partly molten rock material
generated within the Earth.
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Magnetic polarity:

Middle Pleistocene:

Moraine:

Phreatic eruption:

Pleistocene:

Pluton:

Poisson
distribution:

Postglacial:

Pumice:

Pyroclastic:

Pyroclastic flow:

Pyroclastic surge:

Direction of magnetic poles (either normal or
reversed) preserved in igneous rocks after
they cool through their Curie temperatures.

Part of the Pleistocene Epoch between about
730,000 and 125,000 years ago.

A mound, ridge, or other accumulation of
unsorted, unstratified debris deposited by
the direct action of glacier ice.

An explosion of steam, water, mud, and other
material. May result from heating of
groundwater by magma, and may generate base
surges.

An Epoch of geologic time between about 1.8
million and 10,000 years ago.

Pertaining to igneous rock bodies that form
at great depth.

A discrete frequency distribution based on
the assumptions that (1) the events occur
independently, (2) the probability of an
event is independent of the time elapsed
since the last event, and (3) the probability
that two events will occur at the same time
is vanishingly small.

Refers to the time since the last major
glaciation, about the last 12,000 to 15,000
years.

A highly vesicular, frothy natural glass with
a high silica content formed through volcanic
activity.

A general term applied to volcanic material
which has been explosively ejected from a
vent.

High-density mass of hot, dry rock fragments
mixed with hot gases, that moves away from a
volcano at high speed.

Turbulent low-density cloud of hot rock

debris and gases that moves over the ground
surface at high speed.
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Quaternary:

Rhyolite:

Satellite vent:

Scoria:

Seismicity:

Shield volcano:

Silicie:

Stratovolcano:

Tectonic:

Tephra:

Tuff:

Period of time that includes the Pleistocene
and Holocene Epochs, about the last 1.8
million years.

An extrusive volcanic rock that has a high
silica content (> 68 %) and very high
viscosity when molten.

A secondary vent or flank vent at a volcanic
center.

Vesiculated fragments of basalt or basaltic
andesite.

Pertaining to earthquakes or earth vibration.

A volcano in the shape of a flattened dome.
It is broad and low and is built of low-
viscosity basaltic lava.

Term used to describe silica-rich volcanic
rock or magma.

A volcano that is composed of alternating
layers of lava and pyroclastics. Synonymous
with composite volcano.

Pertaining to the forces involved in the
deformation of the Earth's curst, or the
structures or features produced by such
deformation.

Materials of all sizes and types that are
erupted from a volcano and deposited from the
air.

Used loosely as a collective term for all
consolidated pyroclastic rocks.
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