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TERMINOLOGY

Air-cushioned avalanche. An avalanche of debris that moves at
high speed on a cushion of trapped air.

Avalanche. A large mass of snow, ice, soil, or rock, or mixtures of
these materials, that falls or slides at high speed under the force of
gravity.

Debris flow. A mudflow; also used as a rapid mass flowage of coarse
rock debris.

Ejecta. In this report, fragmental airfall debris produced by
fumarolic activity.

Eruption. The ejection of volcanic material by a process triggered by
a magmatic source.

Firn. Snow that remains after at least one melting season.

Friction coefficient. A characteristic of mass movements, such as
avalanches or mudflows; the vertical drop divided by the horizon-
tal distance of travel.

Fumarole. A vent having a diameter of a few centimeters to several
meters at the ground surface, from which volcanic gases and water
vapor or steam are exhaled, often at high temperatures.

Fumarole field. A cluster of fumaroles and associated warm ground.

Fumarolic activity. The surficial expression of noneruptive heat
emission from a subsurface source, which may be a recent lava
flow, a cooling body of magma or hot rock (either rising or already
in place), or a hydrothermal system of hot water or steam.

Geothermal. Pertaining to heat from beneath the earth’s surface.

Heat flux. The flow of heat per unit time.

Heat flux density. The heat flux per unit area.

Hydrothermal activity. The action of heated water within the
earth.

Hydrothermal alteration. The chemical and physical transforma-
tion of rock by reaction with heated water.

Lahar. A mudflow which originates on a volcano.

Lava. Molten rock near or on the ground surface, relatively poor in
gas content; also the same material after it has cooled and
solidified.

Magma. Molten rock at some depth. Differs from lava in that it con-
tains more gases, which are lost as magma nears the surface and
changes to lava.

Mudflow. A mass of water-saturated rock debris that moves down-
slope under the force of gravity.

Pyroclastic flow. A hot, dry mass of volcanic rock debris that moves
away from an active volcanic vent.

Radiant flux. The flow of radiated heat per unit time.

Stratigraphic. Pertaining to layered deposits of rock.

Tephra. General term for airfall debris produced by a volcanic erup-
tion. Includes but is not limited to ash, pumice, and bombs.

Thermal area. Spatial area of thermal ground.

Thermal ground. In this report, ground heated by a volcanic source.

Water equivalent. The amount of water that would result from the
complete melting of a body of deposited snow, firn, or ice, expressed
as thickness (depth) or volume.
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ASSESSMENT OF INCREASED THERMAL ACTIVITY
AT MOUNT BAKER, WASHINGTON,
MARCH 1975—MARCH 1976
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With contributions by JAMEs W. BABCOCK, MARVIN O. FRETWELL, STEPHEN D. MALONE,!
CHARLES L. ROSENFELD,? RoNALD L. SHREVE,? and RaY E. WiLcox

ABSTRACT

In March 1975 Mount Baker showed a large increase in thermal
emission, which has persisted for more than 1 year. Fumarole ejecta
accompanied the thermal activity from March to September, but the
ejecta had no constituents that suggest a magmatic source. Esti-
mates of that part of the total heat flux that would account for the
observed snow and ice loss show that the heat-flow increase was
roughly one order of magnitude, from about 2 megawatts at 10 watts
per square meter, averaged over Sherman Crater before 1975, to
about 30 megawatts at 180 watts per square meter, during 1975.
Almost half of the glacier that occupied the basin of Sherman Crater
was melted in 1975.

The new activity generated great concern among the public and
the government agencies responsible for geological evaluation of po-
tential hazards and for protection of life and property. The past
geologic history, current topography, rock alteration, and location of
major fumarolic activity indicate that large rock avalanches and
mudflows on the east slope in Boulder Creek valley are the potential
hazards of most significance related to present conditions. The most
probable types of large mass movements would be mudflows, having
speeds of as much as 50 kilometers per hour, that would originate
from mixtures of snow, ice, and melt water and avalanches of struc-
turally weak clay-rich rocks that make up the rim of Sherman
Crater. Similar mudflows from the volcano have traveled at least 12
kilometers 8 times during the past 10,000 years. A possible worst
case event, however, might be a larger, air-cushioned avalanche of as
much as 20 to 30 million cubic meters that could hit Baker Lake at
speeds of more than 300 kilometers per hour and generate a wave of
water large enough to overtop Upper Baker Dam.

At least 30 million cubic meters of potentially unstable material
occurs as hydrothermally altered remnants of the rim of Sherman
Crater and could provide the required volume for the estimated worst
case event or for smaller avalanches and mudflows. An earthquake,
steam explosion, or eruption could provide a suitable trigger to initi-
ate movement. Although such triggering events were possible before
1975, the probability might have been as much as 10 times greater in

'University of Washington.
20regon State University.
3Consulting Geologist, Los Angeles, Calif.

1975 because of the increased thermal activity. The threat of
avalanches and mudflows on Boulder Creek valley and Baker Lake
prompted the closure by management agencies of the Boulder Creek
drainage and of Baker Lake and its shoreline in the summer of 1975.
Additionally, Baker Lake was kept below full pool at a level calcul-
ated to prevent overtopping of Upper Baker Dam by waves which
could result from a worst-case avalanche.

In 1975 an interdisciplinary program of seismic, tilt, gravity, gas,
hydrologic, petrologic, thermal infrared, and photographic studies by
Federal and university scientists was initiated to evaluate the impact
of the current thermal activity and to monitor changes that might in-
dicate an impending eruption. By March 1976 only one small earth-
quake had been identified beneath Mount Baker. Tilt and gravity
changes have been observed but cannot be attributed solely to
volcanic causes. The data available thus far provide no evidence of an
impending eruption, but they cannot be fully interpreted without
many additional geophysical and geochemical measurements, as it is
not yet possible to clearly distinguish volcanic effects from non-
volcanic background effects.

Inasmuch as current activity continues unchanged — without
steam explosions, eruptions, or frequent or large earthquakes — the
probability of a suitable trigger for large avalanches and mudflows
should decrease and should approach that of a more average year.
Such an average year would have a hazard probability at least as
great as that which existed before 1975, although that level of
hazard was not recognized at the time by the public or by administra-
tive agencies. The potential hazard and the uncertainties of future
activity at Mount Baker necessitate continued observation and in-
strumental monitoring.

INTRODUCTION

Thermal activity at Mount Baker, Wash., increased
drastically in March 1975 and led to speculation that a
voleanic eruption might be imminent. Through the next
12 months, Mount Baker was the site of the most inten-
sive monitoring ever applied to a volcano in the Cascade
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Range. By spring of 1976 the thermal activity had re-
mained strong, but no further evidence of an impending
eruption had surfaced; however, the collected data pro-
vide valuable insights into potentially hazardous proc-
esses that might be expected in the future at any quies-
cent volcano.

Mount Baker (48°47' N., 121°49° W.) is the north-
ernmost of the Quaternary stratovolcanoes of the
Cascade Range of northern California, Oregon, and
Washington (Coombs, 1939). The summit is 3,285 m
above mean sea level and 48 km east of Bellingham
Bay. The volcano is drained on the east and south by
tributaries of the Skagit River and on the west and
north by headwaters of the Nooksack River (fig. 1).
Owing to high precipitation and to the high latitude of
the volcano, it is almost completely covered by glaciers.
122°00° a5’
/Vo,,é Fork Nogksack River

L’/JDorr Fumaroie

Field

49
45’

WASHINGTO

ol

49
30 [o] 5

10 KILOMETERS

FiGURE 1. — Index map of the Mount Baker, Wash., area. Glaciers are
outlined by dashed lines.

This report provides a compilation and discussion of
thermal changes that occurred on Mount Baker bet-
ween March 1975 and March 1976. Because many of
the changes were detected primarily by visual observa-
tion, the historic record of the past 75 years is first
reviewed to place current activity into perspective with
older thermal features. Geochemical and geophysical
monitoring activities during the past year are then

121°30’
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summarized, and significant results are discussed.
Finally, existing and potential hazards are evaluated,
and the resultant administrative and public responses
are described.

ACKNOWLEDGMENTS

Data concerning pre-1975 activity were derived from
photographs and reports from various mountaineering
sources; from aerial photographs, primarily by Austin
Post, taken from glacier research and kept at the U.S.
Geological Survey Project Office, Tacoma; from recent
field and infrared remote sensing studies by the U.S.
Geological Survey; and from the University of
Washington investigations of volcanic seismicity.
Special appreciation is extended to Alex Horstman,
S.M. Lea, Peter Shreve, M. A. Spiers, and I. J.
Virsnieks, who, without any foreknowledge that we are
aware of, provided assistance in acquiring valuable
field data during 1972—74 that established much of the
basis on which to judge the extent of recent changes.

Data on 1975—76 activity were drawn from inter-
disciplinary studies by researchers of the U.S. Geologi-
cal Survey, U.S. Forest Service, Los Alamos Scientific
Laboratory, University of Washington, Eastern Wash-
ington State College, Western Washington State Col-
lege, Oregon State University, and Central Oregon
Community College. Some of those most involved in the
present monitoring programs at Mount Baker include
S. D. Malone, seismicity and gravity; R. M. Krimmel
and Austin Post, aerial photography; Motoaki Sato, gas
chemistry; J. E. McLane, J. W. Babcock, and R. E.
Wilcox, petrography; D. A. Swanson and W. T.
Kinoshita, spirit-level tilt; Rex Allen, Anselmo Rodri-
quez, J. D. Unger, and D. H. Harlow, borehole
tiltmeters; Bruce Nolf, tilt-bar stations; C. L. Rosenfeld,
infrared studies; and G. C. Bortleson, M. O. Fretwell,
and A. D. Zander, water quality. The sections on
monitoring in this report were compiled from sum-
maries prepared by many of these individuals.

PRE-1975 THERMAL ACTIVITY

The history of volcanic activity during the past
10,000 years has been reviewed by Hyde and Crandell
(1975, 1977), who found stratigraphic evidence of a ma-
jor eruptive episode of pyroclastic flows, lava flows, and
tephra during the early part of this time period. These
eruptions were followed by at least two small eruptions
of tephra, the most recent of which was within the past
few hundred years. Historic reports of eruptive activity
were reviewed by Malone and Frank (1975), who found
references to eruptions of tephra and, possibly, lava
flows during the mid 1800’s. However, no definite cor-
relation has been made between the most recent
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tuitous, although the azimuth at site B is nearly per-
pendicular to a high cliff overlooking Mazama Glacier
and could be strongly influenced by rotation toward the
free face. The decrease in noise in early December could
record the accumulation of a heavy snow blanket that
damps out thermal and storm effects. This alternative
interpretation may be somewhat limited in application,
but it does not conflict with any other observations, nor
does it require explanation of inconsistencies in
August—October data. Whatever the interpretation,
the data provide no evidence of significantly large infla-
tion of the volcano, as might be expected prior to an
eruption.

A third type of tilt-measuring system, using a 1.2-m
base Sylvester model tilt bar, was installed at several
locations by Bruce Nolf (Central Oregon Community
College). It is experimental and, so far, has given data
that conflict with both the spirit-level and the borehole
data (Nolf, 1976). This method is promising, however,
and may eventually become an inexpensive and reliable
means of monitoring ground tilt.

PETROGRAPHY

The nature of the material ejected from the
fumaroles within Sherman Crater was of utmost impor-
tance, for, if it contained juvenile volcanic ash, the pre-
sence of an eruptible molten body of magma would be
implied. With this in mind, the coarse fractions of sam-
ples of ejecta collected at intervals from March 31,
1975, to February 6, 1976, were examined
petrographically by James W. Babcock and Ray E.
Wilcox, who provided the following summary.

RESULTS OF PETROGRAPHIC EXAMINATION OF SAMPLES
By JaMEs W. BaBcock and Ray E. WiLcox

For petrographic examination, a fraction coarser
than about 10 um was obtained from each sample by
repeated settling in water and decanting of fines. The
constituents were identified in immersion mounts
under the polarizing microscope; some constituent
identifications were also supplemented by spindle-stage
and X-ray methods of analysis.

Results of the petrographic examination are sum-
marized in table 6 for 24 samples of the 1975 ejecta, 5
samples of pre-1975 surficial debris, and 1 sample of
suspended sediment in the crater lake. Collection sites
are shown in figure 25. Samples of 1975 ejecta are ar-
ranged in order of probable time of ejection. For many
samples this could be narrowed to periods of a few days
or less because of the known times of snowfall with
which the samples were mixed (fig. 26) or because of
collection directly from the plume. Other samples
represent undifferentiated mixtures of ejecta expelled
from March 10 to the time of collection. The pre-1975
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deposits include a 10-cm-thick white tephra layer
(Bd—30—1) from the top of Lahar Lookout, a black sand
deposit (Bd—15—1) from near the summit, and other
mixed surficial debris that contains no 1975 ejecta. The
sample of lake sediment probably contains 1975 fuma-
role ejecta as well as older material.

In every sample of the 1975 ejecta, opaline silica
minerals (including tridymite and cristobalite) are
present as major constituents — greater than 10 per-
cent by volume. Large amounts of opaque sulfides
(designated as pyrite in table 6) and lithic and
scoriaceous fragments are also present in many of
these samples. Minor constituents (less than 10 percent
by volume) include old glass shards, sulfur, alunite,
anhydrite, gypsum, opaque oxides (mainly magnetite),
plagioclase, orthorhombic and monoclinic pyroxene,
chalcedony, and, rarely, quartz. Four samples in which
the clay fraction was analyzed contained more than 10
percent by weight of clay minerals.

Spheroids of pyrite, opal, and sulfur, ranging in
diameter from 0.07 to 0.5 mm, are common among the
predominantly irregularly shaped particles. The pyrite
spheres average about 0.2 mm in diameter; those of
opal and sulfur are generally smaller and less abun-
dant. Some spheroids are composite and consist of a
thin rind of pyrite crystals that coats a core of opal or
sulfur. Other spheroids are mainly opal with included
pyrite crystals, or mainly sulfur with a filamentous
meshwork of opal. One apparent change in ejecta com-
position through time is a decrease in pyrite from a
major to a minor constitutent in early July.

None of the constituents of the 1975 ejecta is at-
tributed to the eruption of fresh magma during the cur-
rent activity. Rather, all are logically to be expected in
this setting and represent debris that was torn off the
walls of the fumaroles or that slid into the fumaroles as
small mudflows triggered by snowmelt. Although
Radke, Hobbs, and Stith (1976) found fibers which they
suggested were fresh volcanic glass (Pele’s hair) in ejec-
ta collected by aerial methods, their analyses of the
fibers did not include elemental or mineralogical com-
position. U.S. Geological Survey studies found no evi-
dence of Pele’s hair in 1975 ejecta from Mount Baker.
Scoria fragments and glass shards, which have refrac-
tive indices implying compositions of andesite to dacite,
are encrusted with opaline silica and, therefore, pre-
date at least the most recent fumarolic activity. The
sulfur-bearing minerals are typical of the suite found at
various levels in the throats of fumaroles.

The results of this petrographic examination are in
general accord with those of others (Eichelberger and
others, 1976; McLane and others, 1976a, b), although
the proportions of some constituents differ. This, no
doubt, reflects the complicated mixed nature of the
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TABLE6. — Summary of > 10 u m constituents in debris samples from Sherman Crater area, collected March 31, 1975, to February 6, 1976

[M, major constituent {greater than 10 percent); X, minor constituent; ?, trace t suspected but not established]
975 ef Pre-1975
1975 ejecta surficial debris
West Lahar
Snow surface Laked rim | Lookout|s:
o= 8
Collection 5l 5| 8 =8 = = = 2| = g g 8= 2l & 2l « 2] 2] 8 ol 8 8| w| o
date in 1975 . - - . AR . o o @ o o @ @ TET2 T DT P ; 5 N e f v @ . - -
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S| 2 2 2 2| 2 2 3 3 3| 3| 3| 23 3 2 33 22 & & F 22
: b E 'z‘ = < pd @© 0
. EYEEN < L a0 5
o =l £ 2 — = 53
ovornuealil I I R I T 7| 4
of ejection L é & ~ é é é é < =l o=l =22 e 2 . S 4L gl 2 2 3] o
in 1975 ...... ': 5 : sl owl sl =2l s : m ol @ @ : NS N : : el s s -
’ & & | & & & S| < «&| & S| g s| 5 5 & B 2 & 5| & & & §
S = 2| = 2| = = =| 2 8 B B 2 =2 =28 3 5| 5 2| B K| K =
— — — ™ — | — — ™~ — ] — —
o0 ~ ™ — o — ) — ~— — | | | ™ i — — | - | N | o | — | | | | |
T N I e g T = B B I BT -1 B B Y B B =] ) A - -
Sample ......... [ i N N S R 0 E N i it R RO S ERN HR e A N TR AN N A N Al BN NI RN N )
Bl 2|2 % 2 B2 2R E 22282823 2R ER
Opal, tridymite, and
(or) cristobalite .. M| M| M| M({ M M M M M MM M M M MMM MMMMMM M M M M M| x| Xx
Quartz and (or)
chalcedony ........ XX (ool Xuuoa ol XX X X X[ ?7)... X Xy X .. M{.
Pyrite .............. M...M| X M| xX|M|M{M| M| x| X M| x M| x| x X| M| X| x| x| x| x x| x|,
Sulfur .............. X| X| X| X| x| X} x| x| x| x| x| x{ x| x| Xx X[ ] x| x| x| x| x X .. X| X|...
Pyroxene ........... PR IO [ . VO [ (Y AR I I T - 2 IV e X X Pl X
Magnetite ........... x| X[ x| x| x| x{ x| x o XX x| x| ox x| X X1 xl x| x| x x| x| x| x| x
Scoria and (or)
lithies ............ M| X M| X M| X|X MM/  X|X| X MM X XX M x MMMMM| x| x|x M XM
Plagioclase .......... X| X | X| X| X| X| X[ X| X| x| x| X| xX|X|X|?2]xX|X|?2]X|X[xX|X[x[?|xX{X M/ x|M
Gypsum ............|... ? o X X ol xhoo o x o x . x| x| x| x|, ..
Alunite ............. .. X XE XXX X| X| X X| X[ X| X[ X| X| X{...] X[...] X[ X} X[ X| X| X|[...| X| X
Anhydrite ........... .. o XXX 2 XXX X X XX XX XX ]
Glass ............... X X1, x| X x| x| x| X| x| x| x|...] x| x|...]X|]...] X(i... LM/ M{M| x| M
Refractive 1.550 ] -
Index 1.525 [ ]
1.500 | . . a " e . a "l

! Collected in 1976.
2 Contains a trace of microcline feldspar.
3 Tephra layer (10 cm thick).

ejecta. Electron microprobe analyses by McLane,
Finkelman, and Larson (1976b) of 7 glass samples from
the ejecta showed an average composition, in weight
percent, of SiO,, 65.4; AL, O, 14.1; Fe,0,, 3.5; K,0, 4.0;
Na,0, 4.4; CaO, 1.5; MgO, 0.9; and TiO,, 0.6.

Samples of pre-1975 material contain a suite of
minerals similar to that in 1975 ejcta, although some
differences in proportion are distinguishable. In par-
ticular, major amounts of glass are present in four of
the pre-1975 samples, and major amounts of quartz are
present in the fifth sample. Glass and quartz are either
absent or present in only minor amounts in samples of
1975 ejecta.

GAS

There is a theoretical basis for believing that the con-
centration of reducing gases, such as hydrogen, hy-
drogen sulfide, and sulfur dioxide, emitted from
fumaroles increases before a magmatic eruption. As an

experiment designed to test such theory, Sato, Malone,
Moxham, and McLane (1976) designed a continuously
recording sensor and installed it in one of the fumaroles
on the west rim of Sherman Crater (figs. 25, 27) in May
1975. The sensor, which monitors temperature as well
as reducing capacity of the fumarole gas, was connected
via radio to the University of Washington, where data
were compiled. Various instrument problems hampered
operation of the device, but data were obtained suc-
cessfully from mid-July to mid-October. Changes in gas
composition were observed; however, at no time did the
data suggest an impending eruption.

Aerial surveys of gases and aerosols were made by
Radke, Hobbs, and Stith (1976), who measured 0.35 and
1.3 kg/s of gaseous sulfur in the fumarole plume on
March 27 and June 30, 1975, respectively. They further
found that the 10-ppb contour of gaseous sulfur could
extend as far as 90 km downwind, as it did on March 27,
when the plume was traced southward above Everett,
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Wash. A later flight, on November 18, recorded a rate of
sulfur emission similar to that recorded during the
June flight (L. F. Radke, oral commun., 1975).

HYDROLOGY

Much of the concern about Mount Baker’s increased
thermal activity after March 1975 has focused on the
possible occurrence of lava eruptions, pyroclastic flows,
and mudflows and associated flooding. However, to date
(March 1976), the greatest undesirable effects of the in-
creased activity have been an increase in atmospheric
pollution and a decrease in the quality of some local
waters (Wilson and Fretwell, 1976). The water-quality
monitoring relative to Mount Baker’s increased activity
is summarized by Marvin O. Fretwell.

MONITORING OF WATER QUALITY
By MaRVIN O. FRETWELL

Water-quality data from the Mount Baker area were
very meager before heat emission increased in March
1975. Since then, however, a considerable amount of
water-quality data has been collected by several agen-
cies, including the U.S. Forest Service, U.S. Geological
Survey, Washington State Department of Game,
Washington State Department of Ecology, and the
University of Washington. The need for a background
data base and a compilation of all pertinent water-
quality data prompted Wilson and Fretwell (1976) to
prepare a table of data listing all the historic and cur-
rent water-quality data available through December
31, 1975, for Sherman Crater, Boulder Creek, Park
Creek, Sandy Creek, Sulphur Creek, Rocky Creek, and
Baker River (below Baker Lake). Bortleson and Wilson
(1976) tabulated the data for the detailed survey of
Baker Lake made in September 1975. These two
reports were later expanded and updated by Bortleson,
Wilson, and Foxworthy (1976).

The increased thermal activity has apparently pro-
duced additional flow of acidic water into Boulder Creek
(fig. 1), which drains Sherman Crater. The discovery of
acidic water in Boulder Creek raised questions about
possible detrimental effects on Baker Lake, into which
Boulder Creek discharges, and on the Skagit River,
farther downstream. Therefore, a preliminary recon-
naissance was made by personnel of the U.S. Geological
Survey in March 1975 to measure various water-quality
parameters in Boulder Creek, Baker Lake, Baker River,
Skagit River, and several unaffected streams near
Boulder Creek that flow into Baker Lake. The recon-
naissance indicated that the acidity problem was con-
fined to Boulder Creek and Baker Lake and was not
detectable below the lake. Also, in this and later sur-
veys, the toxic-metal content in the outflow of Baker
Lake was found to be no higher than that in the
unaffected streams flowing into Baker Lake.
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A more detailed survey of Baker Lake’s water quality
was conducted in September 1975. Measurements were
made of specific conductance, pH, temperature, and dis-
solved oxygen. Data from this survey, tabulated by
Bortleson and Wilson (1976), indicate that the acidic
water at that time was moving downstream close to the
lake bottom in the shallower part of the lake until it
reached deeper waters of the same density, at which
depth it fingered out into the lake as an acidic wedge.
Although the exact areal extent of the acidic wedge is
not known, it did not extend beyond a sampling tran-
sect 1.8 km downlake. The acidic water at this time was
established as neither being pooled in large quantities
on the bottom nor corroding the concrete in the dam.
Concentration and movement of acidic water in Baker
Lake is expected to vary according to the Boulder Creek
discharge and according to the seasons of the year. Ad-
ditional surveys are planned in 1976 to maintain obser-

vation of the lake conditions.
A joint-agency monitoring program was initiated to

maintain surveillance of the Boulder Creek—Baker
Lake— Baker River system. U.S. Forest Service person-
nel measured pH, specific conductance, temperature,
and water stage approximately every 3 to 5 days during
the summer of 1975 at the bridge crossings of Boulder
and Park Creeks. Also, about every 2 weeks Forest Ser-
vice personnel collected samples for chemical analysis
of common constituents and toxic metals at these two
sites and at Baker River, below Baker Dam. Chemists
of the U.S. Geological Survey analyzed these samples.
Sampling frequency was sharply reduced during the
winter, owing to access problems.

Data from this program show that average con-
centrations of sulfate, iron, manganese, aluminum, ar-
senic, and fluoride in Boulder Creek are 10 to 100 times
higher than in nearby streams. Average summertime
pH in 1975 in Boulder Creek was about 3.9, and in near-
by streams, about 7.2. Immediately downstream from
Baker Lake, the pH averaged about 7.0. After fall and
winter freezeup at higher elevations, the average pH of
Boulder Creek rose to about 5. Acid loads from Boulder
Creek in the summertime ranged from a few thousand
to several thousand kilograms of H,SO, per day. To
date (March 1976), no significant acidity has been
detected downstream from Baker Lake.

In an attempt to maintain surveillance of this poten-
tial problem, a radiotelemetering monitor was installed
in early 1976 on Boulder Creek to warn of sudden
changes in streamflow or in pH, either of which may be
early indicators of undercutting or damming of the
breach or of a mudflow. The monitor, which was not yet
fully operational by March, measures water stage, pH,
temperature, specific conductance, and dissolved
oxygen. These data are relayed hourly by radioteleme-
try to the Tacoma office of the U.S. Geological Survey.
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FiGURE 20. — Change in snow-free thermal area through the 20th century. Values of thermal area prior to 1940 (dashed) may be somewhat
low because not all of Sherman Crater was visible in the earlier photographs. A small general increase in area is apparent from 1900 to
1974; a threefold increase occurred in 1975. The 1976 winter thermal area remains almost 3 times greater than the late winter areas of 2

previous years.

HAZARD ANALYSIS

Quiescent volcanoes often create interest only as
scenic wonders or opportune watersheds, and not as
having potentially destructive capabilities. Active
volcanoes, on the other hand, draw more serious con-
siderations. Because many of the Cascade Range
volcanoes erupted at various times during the last few
thousand years, the verbal record of Native Americans
is permeated with legends of volcanic catastrophies. In-
deed, the most explosive postglacial eruption of the
North American Continent, which culminated in the
collapse of Mount Mazama about 6,600 years ago to
form Crater Lake, Oreg., was probably witnessed by
local residents.

Twentieth-century civilization in the Pacific North-
west, however, has not had the opportunity to fully ap-
preciate the hazards associated with volcanic eruptions.
Explorers of the 1800’s recorded accounts of eruptions
as seen from great distances, and, to be sure, the ex-
plosive eruptions of Lassen Peak in 1914— 17 generated

some excitement, but the low density of nearby civiliza-
tion resulted in recognition of these events mostly as
curiosities.

For many decades society has been building its struc-
tures ever closer to the Cascade volcanoes. Only in the
past 15 years, however, have stratigraphic studies of
postglacial volcanic deposits prompted serious con-
sideration of the risk presented by the volcanoes. So,
not only do we face the volcanic threat to future land
use, but also we must confront the unforseen dilemma
of the already established, economically important
structures — such as hydroelectric power reservoirs —
that lie in the path of potential danger. In such circum-
stances, it is not enough to make a simple scientific esti-
mate of risk; it is also necessary to weigh the risk to life
and property against the socioeconomic advantages of
taking some, part, or all of the risk. The latter problem
certainly should not be dealt with solely by scientists
but should be addressed by all people threatened by
volcanic hazards.
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FIGURE 21. — Diagrammatic cross section of part of Sherman Crater,
showing how heat flow can be estimated from snow and ice loss. A
represents the volume of snow melted to keep the area snow free in
winter. Heat-flux estimates for A were derived in two ways: (1)
Heat-flux density was assumed to be 419 W/m?2, or (2) the max-
imum heat-flux density measured elsewhere in the crater was
used. B represents the volume of snow (pre-1975) or of snow, ice,
and firn (1975) melted as thermal ground becomes snow free in
summer. C shows the volume lost from thinning of remaining snow
and ice from year to year because of either local melting or gradual
extension toward the thermal areas. D is crevasse volume due to
local extension toward new thermal areas and was measured only
west of the central pit and north and east of the north pit. For B, C,
and D, densities were assumed to be 600 kg/m3 for snow and 700
kg/m? for snow and ice undifferentiated, and heat flux was calcul-
ated on the basis of the rate of removal of snow and ice.

Should Mount Baker erupt in the future, certain
areas would be threatened by a variety of volcanic
phenomena (Hyde and Crandell, 1977). Even though
Mount Baker is now dormant, the current hydrother-
mal activity presents some hazards, which include
pollution by gaseous and liquid effluents and possible
avalanches of rock debris and mudflows. The following
section discusses present hazards and responses to
them by administrative agencies.

POLLUTION

To date, effluents of volcanic gases and acidic waters
have been a major hazard at Mount Baker. An abun-
dant gas from fumaroles in Sherman Crater is toxic hy-
drogen sulfide (H,S). A concentration of only 1 ppm is
detectable as a rotten-egg smell, but the human sense
of smell can be quickly destroyed by H,S. Thus, smell
alone is not a suitable warning of overdose. The Oc-
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FiGURE 22. — Locations of seismic, tilt, and gravity stations on
Mount Baker.

cupational Safety and Health Administration recom-
mends protective breathing apparatus for H,S con-
centrations greater than 10 ppm. Analyses by J. E.
McLane (oral commun., 1975) of several samples of
vapor from fumaroles in Sherman Crater during 1975
indicated H,S concentrations of several percent,
enough to cause death in minutes. Monitoring of H,S in
the open air along the rim of Sherman Crater during
the summer of 1975 showed that concentrations
greater than 50 ppm are to be expected, even tens of
meters downwind from fumarole openings. At times,
H,S has been smelled at lower altitudes, particularly in
the Boulder Creek valley but also as far as 30 km to the
west at the community of Deming. Although not yet
studied in detail, current levels of H,S concentration at
such great distances are probably too low to cause much
harm to people. However, the physiological effect of
sulfur gases on plants —timber in particular — has
been significant in other areas (Carlson, 1974) and
bears further study at Mount Baker. From aerial sur-
veys in June 1975, Radke, Hobbs, and Stith (1976, p.
96) concluded that Mount Baker at that time produced
Washington’s largest single plume of gaseous sulfur,
natural or industrial.

Another abundant fumarole gas at Sherman Crater
is carbon dioxide (CQO,). Although not toxic, CO, is
heavier than air and has caused animal suffocation in
enclosed basins near fumaroles in Iceland (Thor-
arinsson, 1970, p. 36— 37). Other common toxic gases in
fumaroles at other volcanoes (but which are not pre-
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FIGURE 23. — Spirit-level tilt and gravity measurements.

dominant in the 1975 analyses of gas from Sherman
Crater (J. E. McLane, oral commun., 1975)) are sulfur
dioxide (S0,), carbon monoxide (CO), ammonia (NH,),
flourine (F), and chlorine (Cl). The precautions taken
during the recent field investigations at Mount Baker
limited the observed effects of fumarole gas to occa-
sional nausea, headache, and eye irritation. However,
the hazardous potential of such gases was shown in
1934, when either toxicity or displacement of oxygen by
fumarole gas in a hydrothermal area on Mount Hood,
Oreg., resulted in one of the few known human deaths
from a volcanic cause in the United States (McNeil,
1937, p. 178-191).

Acidification of surface water and ground water com-
monly occurs in fumarole fields by oxidation of
fumarole gases (Schoen and others, 1974, p. 4). Fretwell
previously described the flow path and chemistry of
acid-charged water that drains from Sherman Crater.
Acid can be toxic to aquatic life and can cause struc-
tural deterioration, particularly of concrete. The degree
of hazard depends primarily on the initial concentra-
tion and dilution downvalley of toxic substances in
water discharged from the crater. Because the present
drainage from Sherman Crater flows into Boulder
Creek, the major effect on water quality is limited to
Boulder Creek and downvalley areas. High levels of
acidic water in 1975 did not extend farther downstream

than Baker Lake. Bortleson, Wilson, and Foxworthy
(1976) provide a more detailed analysis of the water
quality implications of present hydrothermal activity.
Tests of water samples from the drainage system of
the Dorr Fumarole Field in 1974 indicated that the
water did not flow freely through Mazama Glacier into
Bar Creek at that time. Because there was no evidence
of increased fumarolic activity at the Dorr Field in
1975, acid waters probably still do not appreciably
affect Bar Creek. Future increases in activity, however,
might be reflected in high acidity in Bar Creek, Wells
Creek, and possibly the North Fork Nooksack River.

AVALANCHE AND MUDFLOW HAZARD

Hydrothermal activity in fumarole fields typically
consists of hot fluids that rise to the ground surface and
penetrate interstices of the surrounding rocks. Chemi-
cal equilibration of rocks with the hydrothermal en-
vironment produces various alteration products, de-
pending on the temperature, pressure, and chemical
composition of the fluids. Under the strongly reactive
conditions that usually accompany hot fluids, rock
alteration can first cause physical and chemical
changes along fissures and cavities and eventually can
affect the entire mass.

The mechanical stability of rock that has been
altered depends largely on fluid pressure, on fracturing
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FiGURE 28. — Four parallel profiles across Lahar Lookout. Profiles
are spaced approximately 120 m apart; their locations are shown
in figure 25, Hachures indicate rock outcrops; dashed lines indi-
cate snow. Heavy line is a possible curved shear surface; and heavy

in the laboratory. Therefore, relatively few comparable
case histories exist, and even fewer established princi-
ples are available for use as a basis for prediction. The
uncertainty is further compounded by the unpredicta-
ble effects of volcanic activity on a glacier-clad moun-
tain. Thus, estimates given here must be viewed with
caution.

Formation of an air-cushioned avalanche with long
runout requires that the avalanche override and trap
sufficient air to significantly reduce contact with the
ground. This, in turn, requires a suitable break in slope
to launch the avalanche into the air, high speed to ena-
ble it to override enough air, and sufficient thickness of
the debris and smoothness of the ground to prevent ex-
cessive loss of air. An adequate slope break for launch-
ing is present at the 1,000-m level in the canyon of
Boulder Creek. The speed of a hypothetical avalanche
at this launch point would probably be at least 270
km/hr, which corresponds to conversion of one-eighth

dashed line is a possible planar shear surface sloping 34°. Major
new fumaroles in the Lahar Lookout mass emerge at dots; loca-
tions of heat emission which possibly are fumaroles emerge at X.

of the available potential energy to kinetic energy; ob-
servations at other areas suggest a somewhat higher
fraction — possibly one-fifth — would be converted.
Even at the speed of 270 km/hr, enough air could be
trapped to form a layer about 2 m thick if compressed
under 6 m of debris over the whole area of the
avalanche down to the lakeshore.

The most important consideration is the probable
thickness of the avalanching debris. On the basis of
other observations it seems reasonable to assume that a
minimum debris thickness of 5 m is necessary for long
runout. In other avalanches, 75 to 85 percent of the
debris was deposited beyond the launch point. At
Mount Baker, the area of the probable avalanche path
is 6.6x 106 m? from the 1,000-m level to the lakeshore. If
debris were to be spread over this area to a depth of 5m,
and if corrections were made for the amount left above
the launch point and for the increase in volume of the
rock as it disaggregates in the initial fall, the required
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TABLE 7. — Characteristics of observed and probable air-cushioned rock avalanches compared with a prehistoric mudflow and avalanche at

Mount Baker
[Leaders {....) indicate no data available]
Vertical Horizontal Observed Calculated
Volume drop distance Friction speed speed? Air
Year {m? x 108} (m) (m) coefficient! (km/hr) (km/hr) cushion
Blackhawk, California (Shreve, 1968) .............. ®) 300 1,200 9,000 0.13 120 Probable
Elm, Switzerland (Heim, 1882) .................... 1881 11 600 2,000 .30 160 Observed
Frank, Alberta, Canada
(McConnell and Brock,1904) .................... 1903 37 670 2,700 .26 175 Do.
Sherman Glacier, Alaska (Shreve,1966) ............ 1964 30 1,100 5,000 22 185 Probable
Little Tahoma Peak, Washington
(Crandell and Fahnestock,1965) ................. 1963 11 1,900 6,400 .30 100-150 Do.
Huascaran, Peru:
(McDowell and Fletcher, 1962; Morales, 1966) . . . 1962 13 3,500 14,500 .24 123 Do.
(Plafker and others, 1971) ..................... 1970 >50 3,500 14,500 .24 280-335 Observed
Mount Baker (Hyde and Crandell, 1977):
Middle Fork Nooksack River mudflow .......... ® 40 2,800 27,000 .10 Unknown,
Rainbow Creek avalanche ..................... ®) 13 1,700 9,000 .19 Do.

! Vertical drop divided by horizontal distance; values given by original authors may not coincide exactly with values or ratios given in this table.

2 Minimum speed computed on assumption of conservation of energy.
3 Prehistoric.

(minimum) original volume of undisaggregated rock
would be 25x 106 m3.

During runout, the trapped air must spread out more
or less uniformly under the advancing debris. This
process depends strongly on the variation with time of
the thickness of the debris passing the launch point.
Judging from other air-cushioned avalanches, long
runout seems to require a thickness that tapers slightly
toward the rear so as to partly compensate for the rapid
removal of air from the launch region by shearing. At
Mount Baker, the thickness could conceivably vary in
such a way that the air layer would be unstable and
break up rapidly, even though other factors, such as
forward speed, air volume, and debris thickness, were
favorable for development of an air cushion. A further
requirement for a stable air cushion is that the product
of permeability and bulk density of the debris at the
base of the avalanche be less than about 0.7 times the
product of harmonic mean permeability and arithmetic
mean density for the whole thickness of the debris. In
practical terms, a thin basal layer of finer, tighter
material would suffice. At Mount Baker, this require-
ment would doubtless be satisfied by snow picked up
from Boulder Glacier. An air-cushioned avalanche
debouching from the narrow canyon of Boulder Creek
onto the convex alluvial cone between the main road
and Baker Lake very likely would tend to split into
multiple lobes. This would lead to loss of air that, if
great enough, might disrupt the air cushion short of the
lake. Slowing of the avalanche and increased air loss
would also occur if the surface of the alluvial cone had
rough local relief greater than the thickness of the air
cushion.

Thus, a rock mass having a volume of 20 to 30x 108
m3that breaks off Lahar Lookout might travel down the
Boulder Creek valley on an air cushion; if so, it might
lose its air cushion before striking Baker Lake.

An air-cushioned avalanche large enough to reach

Baker Lake would probably be about 350 to 450 m wide
at the point where the main road crosses Boulder Creek.
Also, it would spread laterally as it crossed the convex
surface of the alluvial cone to the lakeshore, where it
would most likely have a width of about 2,400 m. Speed of
the avalanche on entering the lake would probably be in
the range of 160 to 320 km/hr; its thickness on entering
the lake would most likely be about 6 m.

If the avalanche did not capture and retain an air
cushion, it could travel entirely as a mudflow, or it could
travel part of the distance on an air cushion and the re-
mainder of the way as a mudflow. A mudflow would
tend to be narrower, thicker, and slower than an air-
cushioned avalanche of the same volume. A mudflow
down Boulder Creek that originated in a fall of 30x 106
m3 of rock from the vicinity of Lahar Lookout would
probably have a width of about 800 m, a thickness of
about 12 m, and a speed of about 50 km/hr as it entered
Baker Lake.

Note that, unlike air-cushioned avalanches, there is
no minimum thickness or minimum speed for a
mudflow that could reach the lake. Hyde and Crandell
(1977) found remnants of prehistoric mudflows that are
less than 0.6 m thick along Boulder Creek between the
main road and Baker Lake. Thinner flows will be
slower, generally narrower, and occur more frequently
than thicker ones. In addition, an air-cushioned
avalanche too small to reach the lake could continue on
as a high-speed mudflow, as did the Huascaran
avalanche near Matacoto, Peru (Plafker and others,
1971). That mudflow traveled 150 km down the Rio
Santa below Matacoto at an average speed of about 35
km/hr; its initial speed near Matacoto probably was
several times higher. Thus, rock debris moving down
Boulder Creek valley could enter Baker Lake at speeds
ranging from almost zero to a few hundred kilometers

per hour, depending on size of fall and mode of transport.
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there had been a major change in the steam activity of
the mountain, and a number of scientists began to plan
field investigations. At least initially, the various
groups acted independently, depending on their
resources and subjects of interest. By March 31 a
seismometer and telemetry link has been installed on
the rim of Sherman Crater.

On April 8 the first of many interagency meetings
concerning Mount Baker’s activity was held. This was
arranged by the U.S. Forest Service to collect available
scientific data, to prepare contingency plans, and to ob-
tain advice on possible administrative actions needed to
protect the public. An important result of this meeting
was to bring together the various scientific investiga-
tors so that a more coherent picture of the steam ac-
tivity was possible. Specialists were informally assigned
for each critical monitoring activity, to keep track of
developments in their fields of interest, and to com-
municate results to the U.S. Forest Service and to
others. As a result of this meeting, the Forest Service
closed Sherman Crater and the Boulder Creek drainage
to public access. The U.S. Geological Survey assigned
personnel to conduct and coordinate monitoring ac-
tivities and to represent the agency at future meetings
with public officials.

HISTORY OF BAKER LAKE CLOSURE ACTION

Briefings regarding potential hazards were presented
by the U.S. Geological Survey to concerned governmen-
tal agencies during May 12—29. These included
Federal, State, and local agencies: U.S. Forest Service,
Federal Disaster Assistance Administration, U.S. Army
Corps of Engineers, and National Park Service, the
Washington Governor’s Office and Washington State
Departments of Ecology, Emergency Services, Com-
munity Relations, and Natural Resources, and the
Skagit Regional Council, which included county com-
missioners, mayors, and city managers of the com-
munities downstream from the Baker Lake area. The
Department of Ecology, because of their concern with
dam safety, requested information from the U.S.
Geological Survey on the “maximum plausible”
mudflow or avalanche that might be expected to enter
Baker Lake. Consequently, data similar to those shown
in table 7, together with estimates of speeds (20-50
km/hr for a mudflow, 150 km/hr for an air-cushioned
avalanche) for a “maximum plausible” debris flow
(volume 30x10¢ m3), were furnished by the U.S.
Geological Survey to the Washington State Department
of Ecology and to Puget Power on May 30. This action
triggered an important series of events.

Puget Power, recognizing that a fast-moving
avalanche might cause a disastrous wave on the reser-
voir, met with U.S. Geological Survey personnel and
shortly thereafter engaged a consulting firm, Tetra
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Tech, Inc., to analyze the possible wave. On June 16 the
consultants’ preliminary results were delivered to
Puget Power and were divulged to the Federal Power
Commission, the U.S. Forest Service, and the U.S.
Geological Survey. The preliminary calculations were
based on a greatly oversimplified model and suggested
a wave higher than that indicated by a subsequent,
more thorough analysis by the same firm. Drawing
down the reservoir to prevent damage from such a large
wave would mean an appreciable loss of hydroelectric
power generation; such a potential wave could also
cause loss of life to persons on the lake or shoreline. The
U.S. Geological Survey was asked to evaluate the prob-
ability of hazard and to estimate the width, thickness,
and speed of the “worst possible” avalanche as the basis
for more refined analysis and action.

A statement by the U.S. Geological Survey as to the
probability of the occurrence of mudflows or avalanches
(app. 1) was presented at interagency meetings, which
included representatives from Puget Power and Tetra
Tech, on June 20 and 23. A task force was created on
June 23, consisting of representatives of the agencies
responsible for public safety in the arsa: U.S. Forest
Service, Washington State Department of Ecology
(representing the Governor’s Office), County Commis-
sioners of Skagit and Whatcom Counties, and Puget
Power. The Federal Power Commission, the U.S. Army
Corps of Engineers, and the U.S. Geological Survey were
advisors to the task force.

On June 23 the task force recommended to the ap-
propriate agencies that the Baker Lake area be closed
to public access and that the reservoir be maintained at
a safe level (initially 10 m below full pool) to accommo-
date the “worst possible” debris flow. The U.S. Forest
Service and Puget Power announced these actions on
June 25.

Subsequent task force recommendations included (1)
upward adjustment of reservoir level, as more refined
calculations by Tetra Tech indicated somewhat lower
potential wave heights; (2) additional studies of a possi-
ble air-cushioned avalanche (performed by R. L.
Shreve, app. 2) and the stability of Lahar Lookout; (3)
studies by a consulting firm (Stone and Webster, Inc.),
which concluded that Upper Baker Dam should not be
allowed to be overtopped; (4) creation of an information
committee (with representatives from the U.S. Forest
Service, U.S. Geological Survey, University of Washing-
ton, and Puget Power), which issued weekly news
bulletins about Mount Baker throughout the summer of
1975; and (5) development of contingency plans by the
U.S. Forest Service, Puget Power, and the two counties.

LIFTING OF BAKER LAKE CLOSURE

Closure of Baker Lake during the summer of 1975
caused loss of revenue at a private resort, diverted
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recreationists from the area (with attendant loss of
business revenue in the nearby town of Concrete), and
diminished production of electrical power. By the
winter of 1975—76 the monitoring activities had shown
no unequivocal evidence that an eruption was
forthcoming, nor had any mudflows or large rock
avalanches occurred. It was evident to the U.S. Forest
Service and Puget Power that the closure needed
reevaluation. A series of task force meetings, beginning
on January 29, 1976, considered the effects of con-
tinued closure, monitoring evidence, possible changes
in the mudflow or avalanche hazard, and how addi-
tional data on slope stability or avalanche parameters
might be obtained.

Independently, the U.S. Geological Survey recon-
sidered the hazard probability. A new statement (app.
3) pointed out (1) that there was now no clear evidence
of forthcoming eruption, whereas an eruption could
have been imminent at the time of the earlier state-
ment; (2) that the degree of mudflow or avalanche
hazard now probably approached the level of that in an
“average year”’ within the last 10,000 years; and (3)
that the probability of the occurrence of a large fast
avalanche had therefore somewhat diminished. Drafts
of this statement were presented to the task force.

During a meeting on March 23, 1976, the task force
accepted the Survey’s draft statement and studied
possible management alternatives. Public safety,
generation of electrical power, preservation of the
economic base of the local community, economy of the
private resort, safety of structures, such as dams and
highway bridges, public use, scientific research, and
natural resources, such as fish and timber, were all con-
sidered. The group recommended opening Baker Lake
to the public but keeping Sherman Crater and the
Boulder Creek drainage closed — an action that recog-
nized the apparent decrease in hazard by permitting
public use of the lake, yet drew attention to a continu-
ing hazard by keeping some areas closed. It was also
recommended that Puget Power be allowed to operate
the reservoir at a normal stage and that the various
contingency plans (including possible reimposition of
complete closure) be kept in readiness. The Survey’s
statement and a Forest Service—Puget Power—task
force statement rescinding closure were announced at a
press conference on April 6, 1976.

CONCLUSIONS

Fumarolic activity can have different meanings at
different volcanoes. Fumaroles can represent the wan-
ing release of heat from a cooling magma chamber that
last erupted hundreds or thousands of years ago. Alter-
natively, fumaroles can reflect the initial release of
heat through new fractures that emanate from a rising
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body of magma. Any gradation between these two ex-
tremes is also possible, so that fumaroles might bear lit-
tle relation to an increase or decrease in activity of a
magma source but, instead, simply mark the back-
ground heat emission during a volcano’s repose period
between eruptions — a period that can last from days to
centuries.

Increased thermal activity has been the first (and
sometimes the only) observed sign of an oncoming
eruption, as at Soufriére in 1971 (Aspinall and others,
1973) and at Taal in 1965 (Moxham, 1971, p. 104).
Many, if not most, other volcanoes have been observed
to have additional precursors, particularly seismic ac-
tivity. Lack of a long period of baseline data, both visual
and instrumental, during the repose period of a volcano
greatly detracts from the ability to interpret new data.
Under such limitations, eruption precursors can best be
detected by conducting many different types of
monitoring side by side over long periods of time.

The lack of a sufficient data base is clearly evident
with respect to interpretation of present fumarolic ac-
tivity at Mount Baker. A single year of intensive
monitoring serves to show that a longer period of obser-
vation is necessary for rigorous examination and pre-
diction of the future behavior of a volcano which ob-
viously is in some state of change. Nevertheless, data
acquired so far do support four conclusions:

1. The level of thermal activity has had a small up-
ward trend for many decades.

2. In 1975, an increase in heat flux of roughly one
order of magnitude occurred and represents the
greatest change in thermal activity during the
20th century.

3. Despite the increased heat emission, other
geophysical and geochemical data acquired dur-
ing the past year have not provided evidence of
an impending eruption.

4. Continuing hydrothermal activity provides some of
the conditions necessary for the occurrence of
avalanches of rock debris and potential
mudflows, whether or not the volcano erupts.
This hazard existed to some degree prior to 1975,
although it was not fully recognized by the public
or by agencies responsible for land management.

Less conclusive or presently uninterpretable results
are much more numerous. What caused the gradual
thermal increase prior to 1975 and the sudden jump in
heat emission beginning in 1975? Exactly what does
the past year’s monitoring show? Are there signs of ad-
ditional volcanic change hidden by the background
noise that snow and weather imprint on seismic, tilt,
and gravity data, or are virtually all of the instrumental
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changes due to nonvolcanic causes? Answers at this
point are certainly premature, but presentation of the
data acquired so far provides a useful base for future
scientific work and administrative decisions.

As a quiescent volcano, Mount Baker will surely
erupt at some time in the future. We cannot be certain
that the time of that eruption will be predictable,
regardless of the amount of monitoring, but we can an-
ticipate the types of hazards which might accompany
an eruption (Hyde and Crandell, 1977). We can also an-
ticipate hazards that accompany thermal activity on
Mount Baker, regardless of an eruption. These hazards
range from localized volcanic gases around the
fumarole fields to water pollution and potential
mudflows and rock avalanches in the drainage system
below Sherman Crater — primarily in Boulder Creek
and Baker Lake. Perhaps the most significant result of
increased activity at Mount Baker has been the in-
crease in public awareness of these hazards.
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APPENDIX 1: U.S. GEOLOGICAL SURVEY
STATEMENT ON MOUNT BAKER
SITUATION, JUNE 19, 1975

Geologic hazard studies by the U.S. Geological Survey
at Mount Baker indicate that there have been at least 2
major eruptive periods at the volcano during the last
10,000 years, as well as several additional minor erup-
tions which produced small amounts of volcanic ash
and, probably, many others which left no recognizable
deposits. The increased thermal activity that began
March 10 at Mount Baker does not necessarily mean
that an eruption is about to occur. However, this ther-
mal activity does increase the likelihood of an
avalanche of hydrothermally altered rock from the up-
per part of the volcano. During the last 10,000 years,
such avalanches have caused at least 10 mudflows
which probably were large enough to travel at least 13
km, the distance from the summit area to Baker Lake.
One or more of these mudflows moved down each of five
different valleys. The history suggests a probability of 1
in 1,000 that a mudflow of this type will occur in an
average year. However, thermal activity on the scale of
that since March 10 has not been observed for the pre-
vious 100 years, and, therefore, 1975 cannot be con-
sidered an average year. The probability of a mudflow
traveling at least 13 km may now be as much as 10
times greater than during an average year, or 1 in 100.
Such a mudflow could enter Baker Lake at a speed of
30—50 km/hr.

The 10 mudflows mentioned above range in volume
from several million to 40 or 50 X 106 m3. Flows as large
as 25X 10 m3 occurred only twice during the past
10,000 years. Thus, the probability for a flow as large as
this happening in any average year is only 2 in 10,000.
In 1975, because of the increased thermal activity, it is
perhaps 2 in 1,000. Mudflows are most likely to descend
Boulder Creek but could go down Sulphur Creek, the
Middle Fork Nooksack River, or other drainages.

The worst avalanche under existing conditions would
be a very large one at the head of Boulder Creek which
would trap a cushion of air and move rapidly downslope
toward Baker Lake. The probability that such a high
speed avalanche (more than 100 km/hr) would enter
Baker Lake during 1975 would probably be less than 1
in 1,000, perhaps as low as 1 in 10,000.

It is not possible now to predict how long the thermal
activity will continue at the present scale; it may sub-
side, or it may progress into some kind of eruptive ac-
tivity. If an eruption does occur, the chances of a
mudflow or other hazardous event would be greatly in-
creased.

VOLCANIC ACTIVITY AT MOUNT BAKER, WASHINGTON

APPENDIX 2: EVALUATION OF
POSSIBILITY OF AIR-CUSHIONED
ROCK AVALANCHE OR
MUDFLOW FROM MOUNT BAKER

By RONALD L. SHREVE,
Consulting Geologist, Los Angeles, Calif.
[Report to Mark F. Meier, U.S. Geological Survey, July 21, 1975. All references cited in
appendix 2 are listed in “References Cited” on p. A43—A44)

This is the report that you requested in our telephone
conversation on 16 July. It summarizes my responses to
the principal questions put to me as your consultant in
connection with the possibility that a large rock ava-
lanche or debris flow originating in the collapse of
Lahar Lookout on Mount Baker might reach Baker
Lake. I have responded to essentially four questions:

Question 1.— What is the likelihood that a large rockfall from
Lahar Lookout might develop into an air-cushion avalanche that
would reach Baker Lake?

Question 2. — In the event of such an avalanche, what would be its
most likely width, thickness, and speed as it entered Baker Lake?

Question 3. —If, instead, a rockfall of comparable size developed
into a debris flow, what would be its most likely width, thickness, and
speed as it entered Baker Lake?

Question 4. — Could the estimates of probability of various possible
debris flows and rock avalanches given in the “U.S. Geological

Survey Statement on Mount Baker Situation” released on 23 June
1975 be improved?

I must emphasize at the outset that, in the present
state of knowledge, none of these questions can be
answered with much certainty. Large debris flows and
rock avalanches of the sort contemplated in the ques-
tions do not occur frequently in Nature and cannot be
studied in the laboratory. Therefore, there are
relatively few comparable cases and even fewer
established principles available as a basis for predic-
tion. Moreover, the uncertainty is compounded at
Mount Baker by the unpredictable effects of volcanic
activity on a glacier-covered mountain. The estimates
given in this report must accordingly be used with ap-
propriate caution.

My previous report to you (letter dated 18 June 1975)
dealing with questions 1 and 2, which was an emergen-
¢y rush job that this report supersedes, was based on
the 1:62,500-scale U.S. Geological Survey quadrangle
maps of the Mount Baker area. I have since completely
repeated all measurements and calculations using the
much clearer 1:24,000-scale Interim Topographic Map
of Mount Baker which you sent me a week ago.
Although there are minor differences in some of the
numbers, there are no significant changes in the con-
clusions.

Question 1. — Formation of an air-cushion avalanche
with long runout requires that the avalanche override
and trap sufficient air to reduce contact with the
ground significantly. This, in turn, requires a suitable
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break in slope to launch the avalanche into the air, high
speed to enable it to override enough air, and sufficient
thickness of the debris and smoothness of the ground to
prevent excessive loss of air.

In the case of the potential avalanche from Lahar
Lookout, significant air launch is unlikely to occur any-
where along the likely path of the avalanche, except at
the lip of the pronounced bench at the 3,000-foot level
in the canyon of Boulder Creek. The speed of the
avalanche at this point is likely to be at least 240 ft/s
(75 m/s), which corresponds to conversion of one-eighth
of the available potential energy (7,000 ft, or 2,100 m, of
fall) to kinetic energy. The observations by Heim in the
Alps (Shreve, 1968a, p. 41) and by myself of the Elm,
Sherman, and Frank landslides (Shreve, 1966, p. 1639;
1968a, p. 4, 32, 35), which involved from 0.4 to 1.3 X 10°
ft? (10 to 35X 106 m3) of debris, suggest a somewhat
higher fraction, roughly one-fifth. Nevertheless, even
at the lower speed, enough air could be trapped to form
a layer about 6 feet (2 m) thick if compressed under 20
feet (6 m) of debris over the whole area of the ava-
lanche from the 3,000-foot level down to the lake shore,
assuming a water-surface elevation of 724 feet, the full-
pool elevation. Even elevations as low as 700 feet,
however, would not significantly change this figure.
The thickness would be greater if the launch speed
were higher. By way of comparison,  have computed an
air-layer thickness of a couple of feet (0.6 m) for the
Blackhawk landslide (Shreve, 1968a, p. 42). Thus,
entrapment of sufficient air to provide an air cushion
seems probable if a large avalanche travels down
Boulder Creek.

The most important consideration is the probable
thickness of the avalanching debris. The average thick-
ness of the portion of the Little Tahoma Peak landslide
that passed beyond the launch point at the terminus of
the Emmons Glacier was about 15 feet (5 m; from
figures given by Crandell and Fahnestock, 1965, p.
A12-A13), of the Sherman was more than 10 to 20 feet
(3 to 6 m; Shreve, 1966, p. 1639), and of the Huascaran
was 15 feet (5 m) or more (Plafker and others, 1971, p.
556). The other probable air-cushion avalanches I have
studied all had similar or greater thicknesses. Thus, it
appears reasonable to assume that a minimum debris
thickness of at least 15 feet (5 m) is necessary for long
runout.

In the Little Tahoma Peak avalanche (or
avalanches), 75 to 85 percent of the debris was
deposited beyond the launch point (Crandell and
Fahnestock, 1965, p. A12), and a similar figure would
apply to all other probable air-cushion avalanches that
T have studied. At Mount Baker the area of the probable
avalanche path is 7.1 X 107 ft2 (6.6 X 106 m2) from the
3,000-foot level to the lake shore at 724 feet. If debris
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were spread over this area to a depth of 15 feet (5 m), it
would have a volume of 1.1 X 10° ft3 (30 X 106 m3). Cor-
recting for the approximately 20 percent left above the
launch point and for the roughly 50-percent increase in
volume of the initially solid rock as it disaggregates in
the initial fall, gives a required volume of undisaggre-
gated rock of 0.9 x 109 ft3 (25 X 106 m3),

Looking at the problem another way, the debris left
above the launch point by the Little Tahoma Peak
avalanche averaged about 3 feet (1 m) thick (Crandell
and Fahnestock, 1965, p. A12), and, as before, a similar
figure would apply to other probable air-cushion
avalanches. At Mount Baker, the area of the probable
avalanche path down to the 3,000-foot level is about
9% 107 ft2 (8.4 X 106 m?2). If covered to a depth of 3 feet
(1 m), this would require 0.3 x 10° ft3 (8 X 106 m3) of
debris. Adding this to the 1.1 x 10° ft3 (30 X 106 m3) re-
quired to cover the lower part of the path to a depth of
15 feet (5 m), and correcting for the 50-percent volume
increase on disaggregation, gives 0.9 x 109 ft3 (25 X 10¢
m3) as the minimum volume of undisaggregated rock
that would have to fall, in good agreement with the pre-
vious figure.

Thus, both lines of reasoning lead to 0.9 X 10° ft3
(25 X 106 m3) as the minimum volume of undisaggre-
gated rock (and ice) that would have to fall at one time
in order to produce an air-cushion avalanche that could
reach Baker Lake. Water-surface elevations as low as
700 feet will not significantly change this result.

Assessing the likelihood of a single fall of this size
from the vicinity of Lahar Lookout under present
circumstances is, in my opinion, essentially impossible.
According to the 1:24,000-scale map, which probably is
not entirely accurate, roughly the required 0.9 x 10° ft3
{25% 108 m3) of rock could be released from Lahar
Lookout and Sherman Peak by failure along a curved
surface of rupture sloping downward at an average
angle of about 30 degrees and emerging at the 8,500-
foot level at the head of Boulder Glacier. This may be
compared with the angle of repose of loose, dry, disag-
gregated rock, which is 34° and with the average in-
clinations of the surfaces of rupture of the Sherman,
the Frank, and, probably, the Little Tahoma Peak land-
slides, which were around 40° (Plafker, 1968, p. 377,
Shreve, 1968a, p. 35; Crandell and Fahnestock, 1965, p.
A18, A19). Thus, in ordinary circumstances a single fall
of the required volume would not be very likely. For
Mount Baker, however, account must also be taken of
the potentially important and largely unpredictable
effects of the weakening and undermining of Lahar
Lookout and Sherman Peak and the possible steam ex-
plosions, or other disturbances, near or under them
that might be caused by the current increased
fumarolic emissions and glacial melting, not to mention
possible future intensified volcanic activity.
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During runout the trapped air must spread out more
or less uniformly under the advancing debris. This
process depends strongly on the variation with time of
the thickness of the debris passing the launch point.
Longitudinal and lateral variations in thickness cause
pressure gradients in the air layer that, combined with
the shearing due to the forward motion of the debris,
redistribute the air. Judging from other air-cushion
landslides, such as the Blackhawk (Shreve, 1968a, p.
27), long runout seems to require a thickness that
tapers slightly toward the rear so as to compensate par-
tially the rapid removal of air from the launch region by
the shearing. For Mount Baker, I am unable even to
guess the likely thickness variation, but it conceivably
could be such that the air layer would be unstable and
rapidly break up, even though other factors, such as
forward speed, air volume, and debris thickness, were
favorable for air-cushion avalanching.

A further requirement for a stable air-cushion is that
the product of the permeability and the bulk density of
the debris at the base of the avalanche be less than
about 0.7 times the product of the harmonic mean per-
meability and the arithmetic mean density for the
whole thickness of the debris (Shreve, 1968b, p.
655—656). In practical terms, a thin basal layer of finer,
tighter material will suffice. In the Little Tahoma Peak,
Sherman, and Huascaran landslides, the required basal
layer was probably snow picked up from the glaciers
onto which they fell (Crandell and Fahnestock, 1965, p.
Al; Shreve 1966, p. 1639; 1968b, p. 656; Plafker and
others, 1971, p. 550). At Mount Baker, this requirement
would doubtless be satisfied by snow picked up from
Boulder Glacier.

An air-cushion avalanche debouching from the nar-
row canyon of Boulder Creek onto the convex alluvial
cone between the main road and Baker Lake very likely
would tend to split into multiple lobes, like the Sherman
landslide (Shreve, 1966, p. 1641). This would lead to loss
of air that, if severe enough, might disrupt the air-
cushion short of the lake. Slowing and increased air loss
would also occur if the surface of the alluvial cone has
rough local relief greater than the thickness of the air
cushion — that is, greater than a few feet (a couple of
meters).

Question 2. — An air-cushion avalanche big enough
to reach Baker Lake from Lahar Lookout would be
about 1,200 to 1,500 feet (350 to 450 m) wide at the
point where the main road crosses Boulder Creek (at
BM 1056) and would spread laterally as it crossed the
convex surface of the alluvial cone to the lake shore.
Judging from the behavior of the Sherman, Little
Tahoma Peak, and Huascaran landslides (Shreve,
1966, p. 1640, fig 2; Crandell and Fahnestock, 1965, p.
A2, fig. 1; Plafker and others, 1971, p. 551, fig. 3) and
making allowances for inertia, it would most likely
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spread to a width of about 1.5 miles (2.4 km) at the lake
shore, covering it from near the mouth of Little Sandy
Creek on the southwest to a point about a third of a mile
(0.5 km) north of the mouth of Boulder Creek on the
north. Judging from the speeds computed from runup
of the three previously mentioned landslides on adja-
cent slopes (Shreve, 1966, p. 1640; Crandell and
Fahnestock, 1965, p. A19; Plafker and others, 1971, p.
558), its speed on entering the lake would probably be
in the range from 150 to 300 ft/s (45 to 90 m/s), with
200 ft/s (60 m/s) the most likely. Judging again from
the other three landslides and from the calculations
given in the response to question 1, its thickness on en-
tering the lake would probably be a minimum of 15 feet
(5 m) and would most likely be about 20 feet (6 m).

These estimates assume that the volume of rock fall-
ing will be near the minimum required to reach Baker
Lake, because the smallest falls are the most likely.
Air-cushion avalanches from larger falls would have
about the same width, greater thicknesses in direct pro-
portion to volume, and somewhat greater speeds on en-
tering the lake.

In summary, if a rockfall from the vicinity of Lahar
Lookout were to develop into an air-cushion avalanche
that reached Baker Lake, its width, thickness, and
speed on entering the lake would most probably be
about 1.5 miles (2.4 km), 20 feet (6 m), and 200 ft/s (60
m/s), respectively.

Question 3. — A debris flow would tend to be nar-
rower, thicker, and slower than an air-cushion
avalanche of the same volume. My opinion is that a
debris flow down Boulder Creek that originated in a fall
of 1x 10° cubic feet (30X 106 m3) of rock from the
vicinity of Lahar Lookout would have a width of roughly
0.5 mile (0.8 km), a thickness of about 40 feet (12 m),
and a speed of about 50 ft/s (15 m/s) as it entered Baker
Lake. This estimate of speed accords with that given in
the “U.S. Geological Survey Statement on Mount Baker
Situation,” whereas I originally suggested a speed of
100 ft/s (30 m/s), based on the apparent speed of the
debris-flowlike part of the Huascaran landslide which
ran upslope near Matacoto (Plafker and others, 1971, p.
553, 556). After further discussion, however, I have
concluded that the lower estimate is better. The esti-
mated thickness is based on the thicknesses of
prehistoric debris flows of comparable size from Mount
Baker reported by Hyde and Crandell (1975, p. 8, 9, 11,
13), which would have approximately the same com-
position as one from Lahar Lookout and, hence,
presumably similar properties.

An important point to note is that, unlike air-cushion
avalanches, there is no minimum cutoff in the likely
thickness and speed of a debris flow that could reach
the lake. Hyde and Crandell (1975, p. 10) found rem-
nants of prehistoric debris flows ranging down to less
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than 2 feet (0.6 m) thick along Boulder Creek between
the main road and Baker Lake. Thinner flows will be
slower, generally narrower, and more probable than
thicker ones. In addition, an air-cushion avalanche too
small to reach the lake could continue onward as a
high-speed debris flow, as did the Huascaran landslide
near Matacoto (Plafker and others, 1971, p. 553).

Question 4.—1 can add little beyond concurrence to
the estimates of probability given in the “U.S. Geologi-
cal Survey Statement on Mount Baker Situation.” The
estimates appear to me to be derived by methods ap-
propriate in the circumstances, to be based on the best
available input data, and to be adequately qualified as
to their limitations. Despite the considerable uncertain-
ty that must be attached to them, they cannot, in my
opinion, realistically be improved very much because of
the uncertainties in the processes and materials in-
volved, the highly incomplete geological record, and the
present abnormal situation on Mount Baker.

APPENDIX 3: U.S. GEOLOGICAL SURVEY
STATEMENT ON MOUNT BAKER
SITUATION, APRIL 6, 1976

In early March 1975 increased thermal activity was
reported at Mount Baker, Washington. This activity
gave rise to concern that the volcano might pose an in-
creased threat to life and property in the Mount Baker
area. In June 1975 the U.S. Geological Survey issued a
statement estimating that the chance of a destructive
mudflow or avalanche was about 10 times greater than
it had been prior to the onset of the increased thermal
activity. The Survey, in collaboration with the Univer-
sity of Washington, intensified a program of geophysi-
cal, geological, geochemical, and hydrological monitor-
ing of Mount Baker in an effort to document whether or
not the volcano was building toward an eruption.

These monitoring activities have indicated that the
thermal emissions, after increasing in intensity in
March 1975, have remained at about the same level to
the present time. Geophysical observations have not in-
dicated abnormal local seismicity, and deformation
measurements have not indicated inflation of the
volcanic edifice, which commonly precedes volcanic
eruptions. Thus, there have been no observed indica-
tions of an impending eruption at Mount Baker.

The Geological Survey statement of June 1975
pointed out that “It is not possible now to predict how
long the thermal activity will continue at the present
scale; it may subside, or it may progress into some kind
of eruptive activity.” A chief concern at that time was
that the increased thermal activity was related to mag-
ma rising in the volcano and would be followed by an
eruption. Mount Baker’s present behavior, however,
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does not indicate that the chance of an eruption is ap-
preciably greater now than it was prior to March 1975.
Consequently, there now seems to be less need to main-
tain the intensified volcano monitoring activities that
were implemented during the past year.

The situation with respect to possible avalanches and
mudflows of rock debris from the volcano is more
difficult to assess. In the June 1975 statement, it was
noted that the geologic history of Mount Baker during
the past 10,000 years suggested a probability of 1 in
1,000 that an avalanche or mudflow of sufficient size to
reach Baker Lake would occur in an average year. It
was further suggested that the increase in thermal ac-
tivity, and the possibility that the volcano was building
toward an eruption, may have multiplied by a factor of
10 the chance of such an event, so that the probability
that a large avalanche or mudflow would take place in
1975 may have been as great as 1 in 100. However,
thermal activity at the volcano has remained at about
the same level for about 12 months, during which
period neither avalanches nor mudflows have been
recognized. Because of the lack of evidence that the
volcano is building toward an eruption, the chance that
a large avalanche or mudflow will be triggered by a
steam explosion or some other volcanic event in the
near future seems lessened. Even if the probability of a
large avalanche or mudflow returned to pre-March
1975 levels, a certain degree of potential danger would
remain, but it is one that existed prior to March 1975,
even though its nature may not have been fully recog-
nized by the public or by agencies responsible for land
management.

The U.S. Geological Survey statement also suggested
a probability of between 1 in 1,000 and 1 in 10,000 in 1
year that a very large rock mass would slide from
Mount Baker and form an air-cushioned avalanche,
which would enter Baker Lake at high speed. The prob-
ability of such an avalanche also may now be somewhat
diminished. However, it is not possible to estimate the
probability of such an event because of uncertainties
concerning the likelihood that all conditions would be
met for the formation of a very large air-cushioned
avalanche.

If the present levels of thermal activity have not
changed by June 1976, and if the volcano continues to
show no signs of an impending eruption, the U.S.
Geological Survey will reduce its monitoring program
on June 30, 1976.

Other agencies and organizations may also elect to
reduce their activities on Mount Baker, but it will be ad-
visable to carry out periodic visual observations and to
continue essential seismic and ground deformation
measurements. This lower level “volcano watch” should
be continued as long as the increased thermal activity
persists.
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