Snow and Ice Volume on Mount Spurr Volcano, Alaska,

1981

By Rod S. March, Lawrence R. Mayo, and Dennis C. Trabant

U.S. GEOLOGICAL SURVEY

Water-Resources Investigations Report 97-4142

Fairbanks, Alaska
1997



U.S. DEPARTMENT OF THE INTERIOR
BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY
GORDON P. EATON, Director

For additional information write to: Copies of this report can be purchased from:
District Chief U.S. Geological Survey

U.S. Geological Survey Branch of Information Services

4230 University Drive, Suite 201 Box 25286

Anchorage, AK 99508-4664 Denver, CO 80225-0286

http://www-water-ak.usgs.gov



CONTENTS

ADBSITaC . . 1
Introduction . . ... . e e 1
Acknowledgments. . ... ... e 5
SUIVEYING . . . oo ettt e e e e e e e 5
Determination of ice thicknessanddepth ......... ... ... ... ... ... ... ... ... . ... 6
Measurements . . .. ... i e 6
Ice-radar migration ... ... .. .. . . e 11
Contouring ice thickness and bed topography. ........... ... ... .. ... .. ........ 12
Seasonal SNOW . . .. ..ottt 18
Snow and ice areas and VOIUMES . . . ... ... .. it e 18
DISCUSSION . . . Lottt e e e e e e e e 24
Selected subglacial features. .. ....... ... . L L 24
Use of glacier volumes at Mount Spurr to improve volume-estimation methods. . . . . . 28
Glaciovolcanic hazards and comparison with other volcanoes. . .................. 29
Summary and CONCIUSIONS . . . .. ... e 31
References cited. .. ... ..ot e 32
Appendix: Coordinate SYSIEMS . . . . .. .. it ittt 35
PLATES
[Plates in pocket]
1. Altitude of base and surface of glaciers on Mount Spurr, Alaska
2. Ice thickness and surface contours of glaciers on Mount Spurr, Alaska
FIGURES
1. Map showing location of Mount Spurr, Alaska . . ........................... 2
2. Photograph of Mount Spurr Volcano viewed from the south-southwest. ......... 4
3. Diagram showing the exact ellipsoidal solution and the more commonly
used approximate spherical solution for the location of all possible
reflecting surfaces. .. ... .. . e 10
4. Photograph of Mount Spurr Volcano seen from the southwest showing
Barrier Glacier ... ... e 13
5. Photograph of Mount Spurr Volcano seen from the southeast showing
Painted glacier ... ... ... 14
6. Scatter plot of measured ice thickness versus glacier surface slope. .. ........... 15
7. Scatter plot of basal shear stress versus glacier surface slope or sine of
the glacier surface slope . .. ... ... . 16
8. Map showing horizontal surface ice velocities derived from ogive spacings ...... 17
9. Longitudinal profiles of Barrier Glacier’s surfaceandbed .................... 24

Contents 1l



10. Photograph of Mount Spurr Volcano seen from the east with Capps
Glacierinthe foreground . . . ... ... .. . e 26
11. Contour map of glacier surface and bed topography of the summit region
Of Mount SpUIT . . . .o e e e 27
12. Longitudinal profiles of upper South branch of Capps Glacier’s surface
and bed . ... e 28
13. Log-log scatter plot of glacier volume versus glacier area for Mount
Spurr glaciers and Cascade Range glaciers on volcanoes ..................... 29
TABLES
1. Coordinates of survey control stations in the Mount Spurrarea ................ 6
2. Ice-thickness MeasuremMents . . . .. ... vttt ettt eie e 7
3. Seasonal snow data from U.S. Soil Conservation Service sites near
Mount SpUIT . . .. oo e 18
4-11. Areas and volumes of snow and ice in: :
4. BarrierGlaciersub-basin . ....... .. ... .. .. L 19
5. Painted glaciersub-basin ........ ... . 19
6. West Kidazqgeni Glaciersub-basin . ............... ..., 20
7. East Kidazqgeni Glaciersub-basin. ............... ... ... .. .. ... .. ... 20
8. Crater glaciersub-basin . ......... ... ... ... . 21
9. South branch, Capps Glacier sub-basin . .............. ... ... 21
10. Main branch, Capps Glaciersub-basin. .................. ... ........... 22
11. Chichantna Riverdrainage . . .......... ... i, 22
12. Summary of areas and volumes of snow and ice on Mount Spurr and
their seasonal minimums and maximums. . . ............. ..., 23
13. Summary of snow and ice minimum seasonal area (September), maximum
seasonal area (May), and volume above altitude of glacier termini.............. 30

iV Contents



CONVERSION FACTORS, VERTICAL AND HORIZONTAL DATUMS,

AND SYMBOLS USED IN THIS REPORT

Multiply by To obtain
meter (m) 3.281 foot
kilometer (km) 0.6214 mile
square kilometer (kmz) 0.3861 square mile
cubic kilometer (km?) 0.2399 cubic mile
cubic meter per second (m3/s) 35.31 cubic foot per second
kilopascal (kPa) 0.1450 pound per square inch
grad 0.9 degree
degree Celsius (°C) 1.8.thenadd 32  degree Fahrenheit

VERTICAL DATUM

Altitudes are measured relative to the National Geodetic Vertical Datum of 1929 (NGVD of 1929) which is defined
as follows: A geodetic datum derived from a general adjustment of the first-order level nets of both the United States
and Canada, formerly called “Mean Sea Level.” The year indicates the time of the last general adjustment.

HORIZONTAL DATUM

The horizontal datum for all locations in this report is the North American Datum of 1927 (NAD of 1927).

SYMBOLS AND ABBREVIATIONS

A
deg
E
F

m/us
MHz

min

glacier surface area, in square kilometers

degree
UTM Easting

shape factor

glacier thickness, measured perpendicular to glacier bed, in meters

glacier thickness, measured vertically between glacier surface and glacier bed, in meters

scale factor

mean scale factor
meter per microsecond
megahertz

minutes

coefficient of determination

transmitter-receiver separation, in meters
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UTM
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0
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time delay, in microseconds

Universal Transverse Mercator

estimated glacier volume, in cubic kilometers
velocity of light in air, in meters per microsecond
velocity of light in ice, in meters per microsecond
local sea-level coordinate, increasing eastward
local sea-level coordinate, increasing northward
altitude above sea level, in meters

glacier surface slope

average glacier bed slope

bed slope at the basal reflection point

micro

yield stress of ice, in kilopascals

basal shear stress, in kilopascals



Snow and Ice Volume on Mount Spurr Volcano, Alaska,
1981

By Rod S. March, Lawrence R. Mayo and Dennis C. Trabant

Abstract

Mount Spurr (3,374 meters altitude) is an active volcano 130 kilometers west of Anchorage,
Alaska, with an extensive covering of seasonal and perennial snow, and glaciers. Knowledge of the
volume and distribution of snow and ice on a volcano aids in assessing hydrologic hazards such as
floods, mudflows, and debris flows.

In July 1981, ice thickness was measured at 68 locations on the five main glaciers of Mount
Spurr: 64 of these measurements were made using a portable 1.7 megahertz monopulse ice-radar
system, and 4 measurements were made using the helicopter altimeter where the glacier bed was
exposed by ice avalanching. The distribution of snow and ice derived from these measurements is
depicted on contour maps and in tables compiled by altitude and by drainage basins.

Basal shear stresses at 20 percent of the measured locations ranged from 200 to 350 kilopas-
cals, which is significantly higher than the 50 to 150 kilopascals commonly referred to in the liter-
ature as the "normal" range for glaciers. Basal shear stresses higher than "normal” have also been
found on steep glaciers on volcanoes in the Cascade Range in the western United States.

The area of perennial snow and ice coverage on Mount Spurr was 360 square kilometers in
1981, with an average thickness of 190150 meters. Seasonal snow increases the volume about 1
percent and increases the area about 30 percent with a maximum in May or June. Runoff from
Mount Spurr feeds the Chakachatna River and the Chichantna River (a tributary of the Beluga
River). The Chakachatna River drainage contains 14 cubic kilometers of snow and ice and the
Chichantna River drainage contains 53 cubic kilometers.

The snow and ice volume on the mountain was 67117 cubic kilometers, approximately 350
times more snow and ice than was on Mount St. Helens before its May 18, 1980, eruption, and 15
times more snow and ice than on Mount Rainier, the most glacierized of the measured volcanoes
in the Cascade Range. On the basis of these relative quantities, hazard-producing glaciovolcanic
phenomena at Mount Spurr could be significantly greater than similar phenomena at Cascade Vol-

canoes.

INTRODUCTION

Following the eruption of Mount St. Helens in May 1980, the U.S. Geological Survey accel-
erated the assessment of hazards at other volcanoes. On the basis of their historical eruptive pat-
terns, Mount Spurr (fig. 1) and several other volcanoes in Alaska, including Mount Redoubt, were
identified as being among those volcanoes in the U.S. with the greatest potential for eruption in the
next 50 years (Les Laird, U.S. Geological Survey, written commun., 1980).
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Given the apparent large quantities of snow and ice on Mount Spurr, and its recent eruptive
history, the USGS began work to determine the ice volume and distribution. Field work for the
project was done in July 1981. The extension of geodetic control to new stations around Mount
Spurr to permit the surveying of measurement sites has been reported by March, Mayo, and Tra-
bant (1986). This report reviews the geodetic control and describes measurements of ice thickness,
the derivation of ice thickness and bed topography maps, and the compilation of areas and volumes
of snow and ice by altitude zones and drainage basins.
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Nisson, skillfully and safely placed field parties on highly crevassed and steep glacier surfaces,
which was necessary to obtain the ice-thickness measurements.

SURVEYING

Three second-order control stations established in 1953 by the National Geodetic Survey
(NGS) served as the basis for our surveys. Minor vertical adjustments (based on surveys by the
U.S. Geological Survey in 1978 and in this study) were made to these stations to account for the
tectonic lowering in the area during the Alaska earthquake of 1964. Seven new, monumented sur-
vey stations and one temporary survey station (table 1) were installed near Mount Spurr in July
1981. These stations provide a reference so that measurement sites on Mount Spurr for this and any
future studies could be located precisely in the Universal Transverse Mercator (UTM) system,
which is the basis for U.S. Geological Survey topographic maps (March, Mayo, and Trabant,
1986).

A local coordinate system, based on the Universal Transverse Mercator (UTM) grid and sim-
ilar to that used by the authors elsewhere (Mayo and others, 1979; Trabant and Mayo, 1979), was
adopted. Unlike UTM, the local coordinate system uses the sea-level surface for horizontal scale,
thus simplifying and enabling computations in the field with hand calculators. See the appendix for
details.

At 61 of the 64 sites where measurements of ice thickness were made using ice radar, the
transmitter and receiver locations were surveyed from control stations by the foresight technique
(angle, distance). Atmospheric refraction was calculated from vertical angles to nearby monu-
mented survey stations measured at the time of ice-radar surveys and used to estimate an atmo-
spheric refraction correction between the survey instrument and ice-radar measurement sites. For
further information about the calculation of foresight surveys and atmospheric refraction, see
Mayo and others (1979). The estimated standard error in horizontal position of these sites is about
+1.5 m. This is largely determined by the uncertainty of the microwave distance meter used,
because it is not a distance standard and therefore depends on field calibration for its accuracy. For
locations on the upper Capps Glacier surveyed from station Sharp or station Raven, the error is
3.0 m due to additional uncertainty with the location of those stations (March, Mayo, and Trabant,
1986). The estimated standard error in vertical position is less than £0.5 m.

SURVEYING 5



Table 1. Coordinates of survey control stations in the Mount Spurr area. NGS second-order
control stations are listed in all capitals. Horizontal datum is NAD of 1927; vertical datum is
NGVD of 1929 (from March, Mayo, and Trabant, 1986)

Survey control UTM Zone 5 Local sea level Altitude
zf'agt':'; Easting Northing Xo Yo Zz

(meters) (meters) (meters) (meters) (meters)
BEND 543187.11 6785741.69 23196.09 15747.78 874.78
CHAKA 548070.73 6789323.67 28081.53 19331.11 978.17
TEAT 539402.97 6788402.09 19410.51 18409.24 719.33
Camp 532407.24 6785637.01 12412.10 15643.13 735.72
Exposure 532968.60 6784815.30 12973.67 14821.09 1368.29
Aerie 532647.57 6795081.86 12652.52 25091.67 2184.36
Rocket 548596.90 6791106.78 28607.90 21114.90 963.09
Cycle 556666.99 6795042.66 36680.94 25052.19 940.42
Sharp 548769.20 6807121.30 28780.26 37135.57 1430.21
Raven 539086.30 6805851.14 19093.72 35865.08 1776.23
Hard 550281.47 6783896.39 30293.09 13901.72 820.30

The remaining seven ice measurement locations could not be surveyed, so were determined
by correlating observations of the local terrain with a 1:50,000 scale topographic map (an enlarged
composite of 1:63,360 scale U.S. Geological Survey topographic maps). The error in these posi-
tions varies greatly depending on the local terrain and may be as large as 500 m.

Ice-radar transmitter and receiver locations were averaged to give a single "midpoint” loca-
tion for each measurement site and are reported in local sea-level scale coordinates. See appendix
on coordinate systems for a description of the conversion to UTM coordinates.

DETERMINATION OF ICE THICKNESS AND DEPTH

Measurements

Measurements of ice thickness were made at 68 sites on the glaciers using two methods: sur-
face ice radar and direct observation of the glacier bed at near-vertical ice cliffs (table 2).

At four locations, near-vertical ice cliffs were found where glaciers were exposed to their
beds. The vertical ice thickness was measured by flying a helicopter to the ice cliff and recording
the helicopter altimeter reading at the bottom and the top of the cliff. The uncertainty in these mea-
surements is estimated to be 15 percent.

At 64 locations, the ice thickness perpendicular to the glacier bed was measured using a por-
table ground-based 1.7 MHz monopulse ice-radar system, similar to that described by Watts and
Wright (1981) and by Driedger and Kennard (1984, 1986a,b). The system uses an oscilloscope as
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the receiver to measure the time between the arrival of the transmitted radio wave that travels
through the air and the radio wave that travels through the ice, reflecting off the glacier bed inter-
face. The distance between the monopulse transmitter and the oscilloscope receiver was typically
about 100 m at Mount Spurr (see table 2 for site-specific separations).

The standard method used for estimating ice thickness perpendicular to the subglacial bed
from a measured time delay is explained by Mayo and Trabant (1982) and by Driedger and Ken-
nard (1984, 1986a). The ice thickness, 4 (in meters), perpendicular to the glacier bed is:

1 2
h = §»\/V’?(td+;€) -5 (1)
a .

where v, and v; are the speeds of light in air and ice respectively (in meters per microsecond, m/ps),
S is the transmitter-receiver separation distance (in meters), and 7, is the time delay (in microsec-
onds).

For the constants in this equation, the values v, = 299.7 m/us and v;= 168 m/us are assumed
(Watts and England, 1976; Mayo and Trabant, 1982). A speed of 168 m/us is equivalent to an index
of refraction of 1.784 for ice. Extrapolation from optical data presented in a review by Warren
(1984) suggests that the index of refraction for 0°C ice at 1.7 MHz is between 1.788 and 1.790. No
direct measurements have been made at this frequency and temperature. Error in the index of
refraction probably results in less than 1 percent error in ice thickness.

The data obtained at each field site and the ice-thickness values calculated from equation 1
are listed in table 2.

The exact solution for the location of all possible reflecting surfaces defines an ellipsoid with
the transmitter and receiver as foci (Jacobel and Raymond, 1984). Equation 1 is an approximate
solution that defines a sphere lying tangent to the inside of the ellipsoidal solution with center mid-
way between the transmitter and receiver (fig. 3). This approximation is exact if the distances from
the transmitter and receiver to the basal reflection point are the same. This will most often be true
for valley glaciers if the transmitter and receiver are separated laterally across the glacier for radar
measurements in the middle of the glacier, and separated up and down the glacier for radar mea-
surements near the margin of the glacier. For other cases, the approximation underestimates the
thickness by a small amount that increases with the ratio of S to 4. See Kennard (1983, Appendix
C) for further discussion of the approximation.

Errors may arise from several sources. The analysis assumes that the first signal recorded on
the oscilloscope is an air wave. This may not be true if the glacier surface is sufficiently convex
(bulging) between the transmitter and the receiver. Under these conditions, the air wave may not
reach the receiver and the first signal received by the oscilloscope may have traveled through the
glacier or along the surface of the glacier at a slower velocity than an air wave. Hence, the calcu-
lated ice thickness, which assumes that the first arrival is an air wave, would underestimate the ice
thickness by an amount that depends on the relative values of 4 and S and whether or not the near-
surface glacier material is snow or ice. The larger the ratio of S to A, the greater the underestimation.
In the worst case for the Spurr data, the underestimation could reach about 30 percent, but on aver-
age would be only about 5 percent. This is an uncertain source of error and the specific conditions
under which this occurs, if in fact it occurs at all, are unknown.

DETERMINATION OF ICE THICKNESS ANDDEPTH 9
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Figure 3. The exact ellipsoidal solution and the more commonly used approximate
spherical solution for the location of all possible reflecting surfaces. Dashed lines show
hypothetical ice radar paths to bed. (Xmtr stands for transmitter and Rcvr for receiver.)

Errors in the time delay measurement arise from two sources. The oscilloscope sweep rate
standard error is +4 percent and the estimated standard error in reading the time delay from the
scope is 4 percent for the poorer quality returns and £2 percent for the better quality returns. Com-
bined, these yield an estimated standard error for the ice thickness perpendicular to the glacier bed

of less than 6 percent.

Additional errors may result when the source of a particular reflection identified on the oscil-
loscope trace cannot be identified unambiguously as the glacier bed. The reflector could be a rock
wall above the glacier surface or an englacial layer of volcanic ash, buried avalanche debris, or
basal debris carried into the glacier along a thrust plane. Unless there was evidence to indicate oth-
erwise, it was assumed that the reflector (or the deepest reflector in the case of multiple reflectors)
was the bed. Other evidence typically examined includes nearby radar measurements, glacier flux
continuity, and stereo vertical photography (see section on contouring techniques for further expla-
nation). This information was sufficient to justify rejection of two poor quality single reflection
returns (3 percent of the radar data) and five of the deepest of multiple reflection returns (8 percent
of the radar data); all other radar data were accepted.

10  Snow and Ice Volume on Mount Spurr Volcano, Alaska, 1981



Overall, of 64 radar measurements, about 70 percent were usable single reflections, 11 per-
cent were multiple reflections in which the deepest reflector was chosen as the bed, 8 percent were
multiple reflections in which a reflector shallower than the deepest was chosen as the bed, 3 percent
were single reflections that were rejected, and 8 percent yielded no identifiable reflections.

Ice-Radar Migration

Ice radar determines the ice thickness perpendicular to the glacier bed at the closest bed point
to the radar instrumentation. Depending on the magnitude of the slope of the bed, an iterative cal-
culation, referred to as "migration," may be necessary to convert the ice thickness to a vertical ice
depth (vertical ice depth is necessary for integrating with map areas to get ice volumes) (Driedger
and Kennard, 1984, 1986a). If the bed slope, B, is uniform between the reflection point and the basal
point below the transmitter-receiver midpoint, the following calculation is made:

W= 2 @)

cosf3

where £ is the ice thickness perpendicular to the bed and 4’ is the vertical ice depth at the ice radar
midpoint. If the bed is not uniform, we must estimate the bed slope at the basal reflection point, B,
and the glacier bed slope, B, which is now the average bed slope between the basal reflection point
and the basal point that lies directly below the transmitter-receiver midpoint. In this case the fol-
lowing calculation is used to arrive at the migrated ice depth, h”:

h" = hcos (Bg) + hsin (By) tanf 3)

If the bed flattens from the reflection point to the midpoint as is common in valley glaciers
where much of the radar migration is across the glacier towards the valley walls, migration using
equation 2 will lead to overestimation of the ice depth and errors that may be just as large as if the
radar data were not migrated. The bed slopes, B and B, are arrived at by an iterative process. First,
a thickness contour map is made of the unmigrated data and subtracted from the glacier surface
contour map to give a first draft map of bed topography. Bed slopes near each measurement site
are estimated from this bed map and used to recalculate ice depth, 4", using equation 2 or 3. The
migrated radar data are then used to make a second generation thickness contour map and the pro-
cess is repeated. After a few iterations, the contours generally cease changing (Driedger and Ken-
nard, 1986a). The closer the spacing of the ice-radar measurements, the better the definition of the
topographic variability of the bed surface and the greater the accuracy. Where the radar measure-
ments are widely spaced, variations in the bed surface near radar measurement sites are sometimes
inferred from glacier surface topography and crevasse patterns as identified on stereo vertical pho-
tography.

Generally, the ice-radar measurements at Mount Spurr were not migrated because the change
in ice volumes from migration would have been small compared to the cumulative error from other
sources. Migration on slopes less than 10 grad, about the average at the Mount Spurr measurement
sites, would change the ice thickness by less than 1 percent. Sites numbered 46-53 in the central
reach of Capps Glacier were migrated because of the steepness of the bed slopes and because these
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sites occur in pairs on transects and could be migrated laterally across the glacier toward the valley
walls very quickly without the more lengthy iterative migration steps outlined above.

Contouring Ice Thickness and Bed Topography

Extensive estimation of ice depth was necessary to draw bed contours in areas where little or
no ice-radar data were available, particularly high up on the mountain where poor weather ham-
pered field efforts. The estimation method used was guided by simple physical principles and pho-
tographic observations, because of various problems with application of the empirically based and
theoretically based methods at Mount Spurr. Contouring of measured and estimated ice thickness
and glacier bed altitude was done by hand as the low spatial density of measurements was consid-
ered inadequate for application of computer based contouring algorithms.

Two empirical relations developed to estimate the ice volumes on unmeasured Cascade vol-
canoes (Kennard, 1983; Driedger and Kennard, 1984, 1986a) were considered. They relate the gla-
cier area and surface slope to the ice volume on the basis of eight measured glaciers on Cascade
volcanoes. Driedger and Kennard (1986b) also applied them with some success to nine similar-
sized glaciers in Sweden, British Columbia, California, Montana, and Wyoming.

Despite these promising applications of Kennard's empirical relations elsewhere, it was con-
sidered inappropriate to apply the technique to the volume estimation of the glaciers on Mount
Spurr because the relations were derived from glaciers significantly smaller than those on Mount
Spurr and its use would have required extrapolation as much as an order of magnitude beyond the
limits of the original data from which the relations were derived. There is the additional problem
that volumes resulting from application of Kennard's relation are sensitive to how the glacier
boundaries are chosen, a difficult task at Mount Spurr where the top third of the mountain is a
nearly continuous ice field 100-300 m thick without clearly defined glacier or ice-stream bound-
aries (see cover photo, fig. 4, and fig. 5).

Theoretically based estimation techniques were also considered for estimating the ice thick-
nesses at points as they may be more universally applicable than Kennard's method which attempts
to estimate the entire volume of the glacier at once. These estimation techniques, shown in figure 6,
included the following: (1) application of plasticity theory to glacier flow with yield stresses rang-
ing from 100-150 kPa (Nye, 1951, p. 554; Paterson, 1981, p. 86); (2) linear regression between the
glacier thickness (/) and the inverse of the sine of the surface slope (o), variables which are linearly
related in theory; and (3) the non-linear power fit (regression between log(k) and log[1/sina]),
which can be thought of as still using the linear relation between the glacier thickness and the
inverse of the sine of the surface slope, but adding a non-linear component due to variance in the
basal shear stress (that is, no longer treat the basal shear stress as a constant; the basal shear stress
at radar measurement sites is not well approximated by a constant in the range 50-150 kPa, nor is
it linearly related to the surface slope, fig. 7). None of these techniques produced a coefficient of
determination (rz) better than 0.6.

About one-fifth of the basal shear stress values (table 2 and fig. 7) were significantly greater
than 200 kPa and several values were more than 300 kPa, whereas 50-150 kPa is considered to be
the "normal" range for glaciers (Paterson, 1981, p. 40, 86). The highest basal shear stresses are
somewhat suspicious and may be in error due to error in the assumed shape factor or incorrect topo-
graphic contours from which the surface slopes were measured. However, in general the high
stresses appear to be normal for steep glaciers on volcanoes. Basal shear stresses at 30 percent of
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Figure 6. Scatter plot of measured ice thickness versus glacier surface slope. The
normal upper and lower limits predicted by plasticity theory are shown (boundary
parameters are as indicated). Also shown are the simple linear regression and the
power curve fit which result from linear regression of the transformed variables, log(h)
and log[1/sin(c)].

Ice depths between and away from measurement points on Mount Spurr were determined by
extrapolation from known points using interpretation of subglacial ridges, knobs, and depressions
from stereo vertical air photography and topographic maps, continuity arguments (wWhere possible),
and the general principle that the topography of the glacier surface refiects the trend in basal topog-
raphy and that the ice is thinner where the slope is steeper. Driedger and Kennard (1986a) give a
detailed discussion of the inference of basal topography from ice-surface features and topography.
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Figure 7. Scatter plot of basal shear stress versus glacier surface slope or sine of the
glacier surface slope. Stresses were calculated using an estimated shape factor of
0.65. The plasticity assumption of a constant basal shear stress or "yield stress" of
about 100 kPa is shown by the dashed line. Although the fit is poor, the best relation is
found between the basal shear stress and very nearly the square root of the sine of the

glacier surface slope, 1, = 420 [sin(oc)]o'49 , as shown by the power curve fit (solid line).

In some locations, changes in ice thickness up- or down-glacier from measurement points
were inferred by applying a continuity of mass flux argument: the product of velocity and ice thick-
ness is relatively constant over short distances. To use this technique, velocities were estimated
from ogive spacing at 11 locations (fig. 8) on three apparently non-surge-type glaciers and one pos-
sibly weak pulse-type glacier (Painted glacier, fig. 5). Ogives are arcuate surface features extending
across a glacier that can be either alternating bands of light and dark ice sometimes called "Forbes
bands" or topographic waves that are referred to as "wave ogives" (Waddington, 1986). They form
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at the rate of one per year below some ice falls and travel down-glacier at the surface velocity of
the ice. The distance between successive ogives represents an annual increment of ice motion. The
wavelength of a wave ogive or the combined width (up- and down-glacier) of one light and one
dark band represents the distance the ice travels in one year. Ogive spacing, and hence annual sur-
face ice velocity, was observed on 1:40,000 scale U.S. Geological Survey vertical mapping photo-

graphs taken September 2, 1952.
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Figure 8. Horizontal surface ice velocities, in meters per year, derived from ogive
spacings observed on 1:40,000 scale U.S. Geological Survey vertical mapping

photographs taken September 2,

1952. Universal Transverse Mercator (UTM)

Projection, Zone 5. 10,000 meter UTM, Zone 5 grid ticks shown around perimeter of

map.

The same continuity argument can be used to some degree without knowing the velocity. For
instance, if the glacier width and surface slope are the same at two nearby cross sections of a given
glacier and the net surface balance between the sections is small, the ice thickness must be similar
for continuity to be maintained. If the widths are the same but the slopes differ, the section with the
steeper slope will be thinner than the section with the more gentle slope.
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Seasonal Snow

Seasonal snow was not measured for this study, but was estimated because it may contribute
significantly to glaciovolcanic hazards. Seasonal snow covers almost all areas at Mount Spurr. The
U.S. Soil Conservation Service (monthly reports, 1982-85) made measurements near Mount Spurr
for the years 1982-85 (table 3). On the basis of these measurements, the average snowpack in non-
glacier areas reaches a maximum of about 1.0 m water equivalent in April or May. Some of the
non-glacier area may be too steep to support any seasonal snow, but it is assumed that this is com-
pensated by areas where the maximum snowpack is greater than 1.0 m due to avalanching and wind
redistribution. The average seasonal snowpack on the glaciers is expected to peak in May or June
at about 2.0 m water equivalent on the basis of the approximate 2:1 ratio of glacier runoff to non-
glacicr (alpine) runoff in Gulkana and Wolverine glacier basins (Mayo, 1986).

Table 3. Seasonal snow data from U.S. Soil Conservation Service Sites near Mount
Spurr. The average is the four-year average of the yearly maximum snowpack, in water
equivalent, for the years 1982-1985

|deg.. degrees: min.. minutes)

Soil Conservation Average Maximum
Service Snow Survey Latitude Longitude Elevation Water Equivalent
Site (deg. min.) (deg. min.) (meters) (meters)
Capps Plateau’ 61° 15' 151° 48’ 838 1.04
Chulitna Plateau? 61°13' 151° 38' 469 0.62

1 8 km southwest of the terminus of Capps Glacier

2 13 km southeast of the terminus of Capps Glacier

SNOW AND ICE AREAS AND VOLUMES

Snow and ice areas and volumes are tabulated by altitude and drainage basin (tables 4-12) to
facilitate hazard assessments of floods and lahars which may result in part from snow and ice melt
and erosion during an eruption or major landslide.

Although all runoff from the mountain quickly enters either the Chakachatna or the Chich-
antna River, the latter of which is a tributary of the Beluga River, seven sub-drainages (fig. 1 and
plate 1) were defined for the purpose of separating areas that might contribute differently to hazards
during an eruption. Where drainage divides are covered by glaciers, the glacier surface topography
was used to define the ice divide. This definition may not always be correct. The drainage divide
for subglacial water is controlled by a combination of the glacier surface and bed topography,
although as long as the surface and bed slopes are comparable, the surface slope is the dominant
factor (Paterson, 1981, p. 142).

18  Snow and lce Volume on Mount Spurr Volcano, Alaska, 1981



Table 4. Areas and volumes of snow and ice in Barrier Glacier sub-basin.

boundaries are shown on figure 1 and plate 1
[km2, square kilometers; km3, cubic kilometers]

Drainage

Surface

altitude ) - _lce depth interval (meters) Seasonal minimum  Seasonal maximum
interval 0 0-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800  Area Volume Area Volume
(meters) Area (km?) (km?) (km?) (km?) (km?)
200-400 1.31  0.06 1.37 0.07 1.37 0.07
400-600 0.25 238 2.56 2.88 7.82 1.22 8.07 1.24
600-800 094 025 0.50 0.56 0.31 1.62 0.34 2.56 0.34
800-1000 1.06 038 044 0.13 0.95 0.12 2.01 0.12
1000-1200 1.38 038 044 0.82 0.09 2.20 0.09
1200-1400 138 063 0.50 113 0.11 2.51 0.11
1400-1600 1.31 0.81 0.69 1.50 0.14 2.81 0.14
1600-1800 119 094 075 1.69 0.16 2.88 0.16
1800-2000 1.38 0.56 1.19 1.75 0.21 3.13 0.21
2000-2200 125 0.63 1.44 0.44 2.51 0.36 3.76 0.37
2200-2400 0.81 075 1.50 1.25 3.50 0.58 4.31 0.59
2400-2600 075 069 363 0.44 4.76 0.69 5.51 0.70
2600-2800 0.25 0.50 5.50 6.00 0.85 6.25 086
2800-3000 075 3.44 0.19 4.38 0.60 4.38 0.61
3000-3200 019 0.19 0.38 0.04 0.38 0.04
3200-3400 0.06 0.06 0.00 0.06 0.00

Totals 12.0 40.2 586 52.2 5.7
Average ice depth= 139 meters

Table 5. Areas and volumes of snow and ice in Painted glacier sub-basin (informal
name). Drainage boundaries are shown on figure 1 and plate 1

[km2. square kilometers: km3, cubic kilometers]

Surface

altitude ~___lcedepth interval (meters) Seasonal minimum  Seasonal maximum
interval 0 0-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800  Area Volume Area Volume
(meters) Area (km?) {km?) (km?) (km?) (km?)
200-400 0.19 0.38 0.38 0.02 0.57 0.02
400-600 125 213 094 3.07 0.25 4.32 0.26
600-800 388 113 138 0.44 295 0.37 6.83 0.38
800-1000 7.06 0.81 0.69 0.88 0.44 0.19 3.01 0.60 10.07 0.61
1000-1200 481 138 075 0.63 0.63 0.81 4.20 0.92 9.01 0.93
1200-1400 1.75 3.0 1 0.19 0.06 4.31 0.37 6.06 0.38
1400-1600 0.94 406 025 431 0.24 5.25 0.25
1600-1800 138 25 05 3.00 0.20 4.38 0.21
1800-2000 15 188 044 2.32 0.16 3.82 0.17
2000-2200 069 125 031 1.56 0.11 2.25 0.11
2200-2400 0.25 1.31 0.81 212 0.19 2.37 0.19
2400-2600 075 131 2.06 0.23 2.06 0.23
2600-2800 0.56 1.13 1.69 0.20 1.69 0.20
2800-3000 0.44 0.44 0.07 0.44 0.07
3000-3200 0.06 0.06 0.01 0.06 0.01
3200-3400 0.00 0.00

Totals 237 35.5 3.9 59.2 4.0
Average Ice Depth = 110 meters
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Table 6. Areas and volumes of snow and ice in west Kidazgeni Glacier sub-basin.
Drainage boundaries are shown on figure 1 and piate 1
[kmZ2, square kilometers: km3. cubic kilometers)

Surface
altitude ice depth interval (mete;s) L o Seasonal minimum Seasonal maximum
interval 0 0-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800  Area Volume Area Volume
{meters) Area (km?) (km?) (km?) (km?) {km?)
200-400 0.00 0.00
400-600 0.00 0.00
600-800 069 013 0.82 0.05 0.82 0.05
800-1000 0.06 044 063 0.06 1.13 0.13 1.19 0.13
1000-1200 013 025 019 0.06 0.50 0.06 0.63 0.06
1200-1400 0.19 0.19 013 0.32 0.03 0.51 0.03
1400-1600 025 006 019 0.25 0.03 0.50 0.03
1600-1800 0.31 0.06 0.19 0.25 0.03 0.56 0.03
1800-2000 038 006 0.19 0.25 0.03 0.63 0.03
2000-2200 0.25 0.13 0.56 050 1.19 0.22 1.44 0.22
2200-2400 0.13 056 0.56 0.08 0.69 0.08
2400-2600 050 0.50 0.08 0.50 0.08
2600-2800 031 0.31 0.05 0.31 0.05
2800-3000 013 013 0.26 0.03 0.26 0.03
3000-3200 0.06 0.06 0.00 0.06 0.00
3200-3400 0.06 0.06 0.00 0.06 0.00
Totals 1.7 6.5 0.8 8.2 0.8
Average lce Depth = 123  meters

Table 7. Areas and volumes of snow and ice in east Kidazgeni Glacier sub-basin.
Drainage boundaries are shown on figure 1 and plate 1
[kmz. square kilometers: km3. cubic kilometers]

Surface
attitude Ice depth interval (meters) Seasonal minimum  Seasonal maximum
interval 0 0-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800  Area Volume Area Volume
(meters) Area (km?) (km?) (km3) (km?) (km?)
200-400 0.00 0.00
400-600 0.00 0.00
600-800 025 219 269 4.88 0.51 513 0.52
800-1000 100 025 194 2.19 0.30 3.19 0.31
1000-1200 1.06 0.19 0.31 013 0.63 0.09 1.69 0.09
1200-1400 0.56 0.06 0.19 0.25 0.03 0.81 0.03
1400-1600 069 0.13 0.13 0.26 0.03 0.95 0.03
1600-1800 0.69 0.13 019 0.32 0.04 1.01 0.04
1800-2000 0.38 0.25 0.56 0.81 0.10 1.19 0.10
2000-2200 0.38 0.19 088 0.13 1.20 0.17 1.58 0.17
2200-2400 0.25 0.19 1.63 1.82 0.25 2.07 0.25
2400-2600 1.19 1.19 0.18 1.19 0.18
2600-2800 0.69 0.69 0.10 0.69 0.10
2800-3000 0.06 050 0.56 0.08 0.56 0.08
3000-3200 0.13 006 0.19 0.02 0.19 0.02
3200-3400 0.06 0.06 0.00 0.06 0.00
Totals 53 151 1.9 203 1.9
Average Ice Depth = 126 meters
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Table 8. Areas and volumes of snow and ice in Crater glacier sub-basin (informal
name). Drainage boundaries are shown on figure 1 and plate 1
[kmZ2. square kilometers: km3, cubic kilometers)

Surface

altitude Ice depth interval (meters) Seasonal minimum  Seasonal maximum
interval 0 0-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800  Area Volume Area Volume
{meters) Area (km?) (km?) (km?) (km?) (km3)
200-400 0.00 0.00
400-600 044 0.06 0.50 0.03 0.50 0.03
600-800 0.06 044 0.50 0.94 0.10 1.00 0.10
800-1000 025 013 0.19 0.32 0.04 0.57 0.04
1000-1200 0.38 0.13 0.13 0.26 0.03 0.64 0.03
1200-1400 031 013 0.19 0.32 0.04 0.63 0.04
1400-1600 031 013 0.19 0.32 0.04 0.63 0.04
1600-1800 044 013 0.19 0.32 0.04 0.76 0.04
1800-2000 0.38 006 0.19 0.25 0.03 0.63 0.03
2000-2200 050 038 0.81 0.31 1.50 0.22 2.00 0.22
2200-2400 0.38 0.25 0.56 0.13 0.94 0.13 1.32 0.13
2400-2600 0.31 0.31 0.81 0.19 1.31 0.18 1.62 0.18
2600-2800 025 0.56 0.69 1.25 0.13 1.50 0.13
2800-3000 0.06 063 0.63 0.44 1.70 0.24 1.76 0.24
3000-3200 0.25 013 0.38 0.03 0.38 0.03
3200-3400 0.06 0.06 0.00 0.06 0.00

Totals 3.6 104 13 14.0 1.3
Average ice Depth = 125 meters

Table 9. Areas and volumes of snow and ice in South branch (informal name), Capps
Glacier sub-basin. Drainage boundaries are shown on figure 1 and plate 1
[km2, square kilometers: km3, cubic kilometers]

Surface
altitude . o ice Qgpth interval (meters) Seasonal minimum  Seasonal maximum
interval 0 0-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800 Area Volume Area Volume
(meters) Area (km?) (km?) (km?) (km?) (km?)
200-400 0.00 0.00 0.00 0.00
400-600 0.00 0.00 0.00 0.00
600-800 0.00 0.00 0.00 0.00
800-1000 0.00 0.00 0.00 0.00
1000-1200 025 025 0.75 0.50 2.00 3.50 0.95 3.75 0.96
1200-1400 050 1.25 075 1.25 1.25 4.50 0.93 5.00 0.94
1400-1600 0.75 1.50 1.50 0.25 3.25 0.36 4.00 0.37
1600-1800 0.75 1.25 1.75 3.00 0.33 3.75 0.34
1800-2000 050 1.50 0.75 225 0.19 275 0.20
2000-2200 0.75 150 1.00 2.50 0.23 3.25 0.24
2200-2400 0.25 075 0.75 1.50 0.15 1.75 0.15
2400-2600 175 1.00 275 0.24 275 0.25
2600-2800 0.00 1.25 0.25 0.25 175 0.39 175 0.39
2800-3000 1.00 1.50 075 1.50 1.50 0.25 6.50 1.80 6.50 1.81
3000-3200 0.50 0.50 1.00 0.10 1.00 0.10
3200-3400 0.25 0.25 0.01 0.25 0.01
Totals 3.8 328 57 36.5 58
Average ice Depth = 174 meters

SNOW AND ICE AREAS AND VOLUMES 21



Table 10. Areas and volumes of snow and ice in Main branch, Capps Glacier sub-basin.
Drainage boundaries are shown on figure 1 and plate 1

[km2. square kilometers: km3. cubic kilometers]

Surface
attitude Ice depth interval (meters) S Seasonal minimum  Seasonal maximum
nterval 0 0-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800 Area Volume Area Volume
(meters) Area (km?) (km?) (km?) (km?) (km?)
200-400 12.00 15.25 350 30.75 3.76 30.75 3.82
400-600 3.75 175 5.25 1225 800 5.00 1.00 33.25 9.54 37.00 9.61
600-800 7.00 250 250 1.00 275 2.00 5.00 275 1.50 20.00 8.28 27.00 8.33
800-1000 900 125 250 150 4.00 425 475 1.00 19.25 7.39 28.25 7.44
1000-1200 9.25 400 275 225 275 525 17.00 4.50 26.25 4.54
1200-1400 450 800 525 275 4.00 200 1.00 23.00 4.73 27.50 4.78
1400-1600 5.00 650 550 275 1.75 0.75 0.25 17.50 2.93 22,50 2.97
1600-1800 375 825 475 225 0.50 15.75 1.86 19.50 1.90
1800-2000 325 575 3.25 075 9.75 0.96 13.00 0.98
2000-2200 250 3.25 5.25 8.50 0.95 11.00 0.97
2200-2400 250 1.75 4.00 575 0.69 825 070
2400-2600 1.00 075 3.50 4.25 0.56 5.25 0.57
2600-2800 075 1.00 325 4.25 0.54 5.00 0.55
2800-3000 075 3.25 4.00 0.53 4.00 0.54
3000-3200 0.50 050 075 1.25 0.14 1.75 014
3200-3400 025 075 1.00 0.13 1.00 013
Totals 52.8 2153 47.5 268.0 48.0

Average Ice Depth = 22 221  meters

Table 11. Areas and volumes of snow and ice in Capps Glacier sub-basin. Drainage
boundaries are shown on figure 1 and plate 1
[km2. square kilometers; km3, cubic kilometers|

Surface
altitude Ice depth interval (meters) Seasonal minimum  Seasonal maximum
interval 0 0-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800 Area Volume Area Votume
(meters) Area (km?) (km?) (km?3) (km?) (km?*)
200-400 12.00 15.25 3.50 30.75 376 30.75 3.82
400-600 375 175 525 12.25 8.00 5.00 1.00 33.25 9.54 37.00 9.61
600-800 7.00 250 250 1.00 275 2.00 5.00 275 1.50 20.00 8.28 27.00 8.33
800-1000 9.00 1.25 2.50 1.50 4 00 425 4.75 1.00 19.25 7.39 28.25 7 44
1000-1200 9.50 425 3.50 275 475 525 20.50 5.45 30.00 550
1200-1400 5.00 9.25 6.00 4.00 5.25 2.00 1.00 27.50 5.65 32.50 571
1400-1600 575 8.00 7.00 3.00 1758 0.75 0.25 20.75 3.29 26.50 3.34
1600-1800 450 950 6.50 2.25 050 18.75 2.19 23.25 2.23
1800-2000 375 7.25 4.00 0.75 12.00 1.15 15.75 1.18
2000-2200 3.25 475 6.25 11.00 1.18 14.25 1.21
2200-2400 275 250 475 7.25 0.84 10.00 0.86
2400-2600 100 250 4.50 7.00 0.80 8.00 0.82
2600-2800 0.75 100 4.50 0.25 025 6.00 0.93 6.75 0.94
2800-3000 175 475 075 1.50 1.50 0.25 10.50 2.33 10.50 2.35
3000-3200 0.50 1.00 1.25 225 0.24 2.75 0.25
3200-3400 0.50 0.75 1.25 0.14 1.25 0.14
Totals 56.5 248.0 53.2 304.5 53.7
Average Ice Depth = 210 meters
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Table 12. Summary of areas and volumes of snow and ice on Mount Spurr and their
seasonal minimums and maximums. Drainage boundaries are shown on figure 1 and
plate 1

[km2, square kilometers: km3. cubic kilometers]

Seasonal Minimum Seasonal Maximum
Glacier/Drainage Name Area Volume Area Volume
(km?) (km?) (km?) (km?)
Chakachatna River drainage:
Barrier Glacier 40.2 5.6 52.2 5.7
Crater glacier 104 1.3 14.0 1.3
West Kidazgeni Glacier 6.5 0.8 8.2 0.8
East Kidazgeni Glacier 15.1 1.9 20.3 1.9
Painted glacier 35.5 3.9 59.2 4.0
Sub-Total 107.7 13.5 153.9 13.7
Chichantna River drainage:
Capps Glacier, Main branch 215.3 47.5 268.0 48.0
Capps Glacier, South branch 32.8 5.7 36.5 5.8
Sub-Total 248.1 53.2 304.5 53.8
Mount Spurr Total 355.8 66.7 458.4 67.5

Each drainage basin was divided into surface altitude zones of 200 m. Within each surface
altitude zone, the areas with snow and ice thicknesses of O (non-glacier or alpine areas), 0-100,
100-200, 200-300 m, etc., were summed separately (tables 4-11) using the ice-thickness contours
on plate 2. Areas were measured by counting cells of a grid overlaid on the ice- thnckness map, a
method that we believe is more repeatable than planimetering. A cell size of 1/4 km? was used for
Capps Glacier and 1/16 km? elsewhere. Summed seasonal minimum areas correspond to the gla-
cier areas and summed seasonal maximum areas correspond to the total of both glacier and alpine
areas. Seasonal minimum volumes were obtained by multiplying snow and ice areas by their aver-
age thicknesses (assumed to be 50 m for thicknesses of 0-100 m, 150 m for thicknesses of 100-200
m, etc.). Seasonal maximum volumes result from summing the minimum volumes with the esti-
mated 1 m water equivalent of seasonal off-glacier snow and 2 m water equivalent of seasonal on-
glacier snow.

The areas and volumes of snow and ice on Mount Spurr are summarized in table 12. Overall
it was necessary to estimate the snow and ice thickness over approximately 50 percent of the gla-
cier area. Although the error in the estimated snow and ice thickness at specific locations may be
quite large, the error in cumulative estimated volumes is approximately 40 percent, and for total
combined estimated and measured volumes, about 25 percent.
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DISCUSSION
Selected Subglacial Features

Subglacial topography at Mount Spurr Volcano (plate 1) has several closed depressions. The
largest of them lies beneath the lower part of Capps Glacier where the altitude of the glacier bed
approaches sea level. Several smaller depressions exist further up the glacier. Another depression
is present beneath the terminal area of Barrier Glacier which dams Chakachamna Lake (fig. 4).
Most of the glacier bed under the terminal lobe of Barrier Glacier lies at an altitude lower than the
surface of the lake (fig. 9 and plate 1) and at its lowest point, the glacier bed is 50-75 m lower than
the bottom of adjacent Lake Chakachamna (lake bottom elevations from USGS 1:24,000 scale
map: Chakachatna River and Chakachamna Lake, Alaska, 1960).
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Figure 9. Longitudinal profiles of Barrier Glacier's surface and bed with approximately
2x vertical exaggeration. The profile is drawn to the southern terminus of the glacier
were the glacier terminates at the Chakachatna River. Chakachamna Lake water level
is from USGS 1:24,000 scale map: Chakachatna River and Chakachamna Lake,
Alaska, 1960. The glacier bed reaches to about 170 meters below the lake level.

Because Chakachamna Lake's outlet channel, the Chakachatna River, is constricted by the
leading edge of Barrier Glacier (Lamke, 1972), a change in the health of the glacier could affect
the lake's stability. An ongoing balance exists between the glacier and the lake. While Barrier Gla-
cier is constantly moving forward trying to further constrict the lake outlet, the Chakachatna River,
in turn, erodes the glacier terminus. The glacier supplies rock to its terminus, which helps buffer
the glacier from the erosive power of the river, while at the same time the glacier adds bed material
to the river, which may help maintain its grade. In August 1971, the balance was broken during a
period of exceptionally high rainfall when lateral erosion of the channel constriction formed by
Barrier Glacier triggered an outburst flood from Chakachamna Lake (Lamke, 1972). The lake
level dropped about 4.3 m during the outburst and the discharge reached an estimated peak of
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13,300 m>/s (Lamke, 1972) which is the fifth largest known glacier outburst in the world in historic
times (Mayo, 1988).

The Chakachatna River level declines about 5-8 m in passing the glacier (USGS 1:24,000
scale map: Chakachatna River and Chakachamna Lake, Alaska, 1960). This decline suggests that
Barrier Glacier's constriction of the lake outlet channel may be supporting the lake at an altitude as
much as 5-8 m higher than it would be without the glacier's damming effect. If Barrier Glacier were
to retreat significantly, a slight lowering of the lake and a possible extension of Chakachamna Lake
into the area now occupied by the glacier might result, unless the surficial deposits currently sepa-
rating the lake from the glacier are sufficient to hold back the lake after the glacier's support is with-
drawn. If Barrier Glacier were to advance significantly, outbursts would be more common (Post
and Mayo, 1972).

Volcanic activity on Mount Spurr could result in either an advance or a retreat of Barrier Gla-
cier. A significant ashfall over the ablation area could reduce or eliminate glacier ablation, resulting
in a strongly positive glacier balance that would be likely to lead to its advance. Alternatively, an
eruption could eliminate part of the glacier’s accumulation zone or erode the glacier’s surface,
resulting in a thinner glacier. Either of these events would likely lead to a reduction in the speed of
the glacier and a retreat of its terminus.

The summit cone of Mount Spurr appears on topographic maps to be a simple cone, but stereo
vertical photography shows that it has a small crater, about 200-300 m in diameter, that is mostly
ice filled and partly breached on its east side. The inside of the north wall was mostly free of snow
in 1957 photographs (USGS aerial mapping photography) and one can see down into the crater
although not all the way to the bottom. Photographs from 1978 (NASA high altitude false color
infra-red) show less bare ground and indicate that the crater may have filled with snow. This crater
is a site for the potential impoundment of water from melting snow and ice which might be released
as a jokulhlaup (outburst flood) that would most likely travel down the Kidazgeni Glacier and into
the Chakachatna River.

Another site for the potential impoundment of water, which could also be released as a
jokulhlaup, is the 2-3-km-wide basin to the northwest of the summit of Mount Spurr. The snow and
ice in this basin flows to the northeast and down the South branch (informal name) of the Capps
Glacier (fig. 10), so possible flooding would affect the Chichantna River.

Wescott and others (1986) measured ice depths at 18 sites in this basin using both a 5.5 MHz
monopulse ice-radar system and a method using the VLF signal from the U.S. Navy transmitter in
Hawaii. The ice-radar measurements from this study indicate ice depths of less than 100 m up to a
maximum of about 200 m. Ice depths from the magnetotelluric methods were generally two to
three times greater (maximum depth of 575 m) than the depths determined by ice radar. The study
concluded that the ice-radar reflections were coming from a major englacial ash layer well above

the glacier bed.

At Site 32 (fig. 11), our ice-radar measurement of 370-m-deep ice in this basin is in agreement
with the interpretation that the ice-radar measurements by Wescott and others (1986) were too shal-
low and may have recorded reflections off an englacial horizon. The ice-radar measurement is
roughly 25 percent shallower than that indicated by the contours of Wescott and others (1986), but
can be shown to agree with the data from Wescott and others (1986) by slightly modifying their
contours (fig. 11).
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Figure 11. Glacier surface and bed topography of the summit region of Mount Spurr
modified from Wescott and others (1986). Arrows show how contours by Wescott and
others (1986) were revised to accommodate our ice-radar sounding without violating

their magnetotelluric soundings.

reservoirs form. If the basin is open, the bed must remain below 2,284 m (the deepest point mea-
sured by Wescott and others, 1986) to the east of that point, and ice depths near the east edge of the
basin (near question mark in fig. 12) would be 470, 370, and 220 m on glacier surface slopes of 16,
22, and 31 grad, respectively (fig. 12). However, this would result in estimated basal shear stress
values greater than 500 kPa, which would be quite unlikely, thus suggesting that the basin may be
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closed to the northeast as is shown on plate 1. Whether this basin is open or closed, the overall snow
and ice volumes would not be significantly different because the area affected is relatively small.
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Figure 12. Longitudinal profiles of upper South branch of Capps Glacier's surface and
bed. VLF magnetotelluric measurements from Wescott and others (1986).

Use of Glacier Volumes at Mount Spurr to Improve Volume-Estimation Methods

The areas and volumes of Mount Spurr glaciers can be used together with similar observa-
tions in the Cascade Range of Washington, Oregon, and California to arrive at a simple means of
estimating glacier volumes. An ordinary least squares (linear) regression (fig. 13) of the log of gla-
cier volume versus the log of glacier area (power fit of volume versus area) yields the following
relation:

logV = 1.31logA - 1.39 4)
or,

7 = 00414 (5)

where V is the estimated volume in cubic kilometers and A is the area in square kilometers. The
standard error of the estimate (of volume) from this relation is about +35 percent. Worst case resid-
uals are about 50 percent in error. Because this relation is itself based on the transformed (log) val-
ues of partially estimated variables, the regression statistics are not necessarily meaningful and
estimates of the untransformed variables may be systematically biased high or low. Glacier vol-
umes estimated from equation 5 are a first and very simple estimation of volume that is within the
stated accuracy over a wide range of glacier sizes in diverse climatic regions.
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Figure 13. Log-log scatter plot of glacier volume versus glacier area for Mount Spurr
glaciers (this report) and Cascade Range glaciers on volcanoes (Driedger and Kennard,
1986). Linear regression of all data is shown as a solid line and the standard error of
the estimate from the regression is shown by the dashed lines.

Glaciovolcanic Hazards and Comparison With Other Volcanoes

There is a serious lack of information in the literature about the relation between the magni-
tude of hydrologic hazards on volcanoes and the quantity of snow and ice present on a volcano dur-
ing an eruption. Nevertheless, it seems reasonable to assume that up to some limit of snow and ice,
there should be a positive, though not necessarily linear, relation between the potential hazard mag-
nitude and the area or volume of snow and ice immediately surrounding the volcano.

To date, Mount Spurr is the most heavily glaciated volcano in the United States on which the
snow and ice distribution has been determined. The snow and ice distribution was measured on five
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volcanoes in the Cascade Range (Brugman and Meier, 1981; Driedger and Kennard, 1986a) and
preliminary total values, which are likely to be revised, have been estimated for Mount Redoubt
(table 13).

Table 13. Summary of snow and ice minimum seasonal area (September), maximum
seasonal area (May), and volume above altitude of glacier termini. Seasonal variations
were not measured or estimated for any of the Cascade Volcanoes except glacier
thickness on Mount St. Helens, which varies seasonally by more than 10 percent of the
glacier depth (Brugman and Meier, 1980). It is expected that the areas listed for the other
Cascade Volcanoes may increase seasonally by 30-200 percent and volumes by 10-50
percent

[km- . square kilometers: km'. cubic kilometers]

Snow and Ice

Seasonal Seasonal
Minimum Maximum
Glacier/Drainage Name Area Area Volume
(km?2 (km?2 (km?3)
Chakachatna River drainage:
Barrier Gl. 40.2 52.2 56
Crater gl. 10.4 14.0 1.3
West Kidazgeni Gl. 6.5 8.2 0.8
East Kidazqgeni Gl. 15.1 20.3 1.9
Painted g!. 35.5 59.2 3.9
Total 107.7 153.9 13.5
Chichantna River drainage:
Capps, Main branch 215.3 268.0 47.5
Capps, South branch 32.8 36.5 5.7
Total 2481 304.5 53.2
Mount Spurr Total 355.8 458.4 66.7
Cascade Volcanoes:
Mt. St. Helens (pre-eruption)’
North Fork Toutle River Drainage  2.39 - 0.097
Total 5.02 - 0.179
Mt. Rainier2
White River Drainage Area 26.64 - 1.337
Total 92.09 -- 4.424
Mount Redoubt Total (preliminary) 96.9 - 4.09

1 Brugman and Meier, 1980. (The North Fork Toutle River Drainage values are the
sum of Brugman and Meier's values for Forsyth, Wishbone, Loowit, and Leshi
glaciers)

2 Driedger and Kennard, 1984, 1986
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Mount Spurr has approximately 350 times more snow and ice than did Mount St. Helens
before its May 1980 eruption, and 15 times more than Mount Rainier, the most glacierized of the
volcanoes in the Cascade Range. The less glacierized of the two drainages on Mount Spurr, the
Chakachatna River drainage (13.5 km? of snow and ice) has roughly 140 times more snow and ice
than the North Fork Toutle River drainage on Mount St. Helens had before its eruption, and 10
times more than the most heavily glacierized single drainage basin on any of the volcanoes in the
Cascade Range, the White River drainage on Mount Rainier (1.34 km? of snow and ice).

The preliminary rough estimates of snow and ice on Mount Redoubt indicate that, before the
eruptive sequence which began on December 14, 1989, it had about one-third as much snow and
ice as Mount Spurr, but considerably more than that on Cascade Range volcanoes.

On the basis of relative size, it is expected that glaciovolcanic hazards at Mount Spurr (such
as floods, mudflows, and debris flows) could be significantly greater than at Cascade volcanoes.
The actual glaciovolcanic hazards produced during an eruption depend as much on the nature and
magnitude of the eruption as on the quantity of snow and ice. This is well illustrated by a compar-
ison of the snow and ice perturbation during the May 1980 eruption of Mount St. Helens (Brugman
and Meier, 1981) with that during the 1989-90 eruptive sequence of Mount Redoubt (Alaska Vol-
cano Observatory Staff, 1990). Despite the great difference in the quantity of snow and ice present
on these two volcanoes before these eruptions (table 13), each lost about the same quantity of snow
and ice (about 0.1 km?) during their eruptions.

SUMMARY AND CONCLUSIONS

Ice thickness was measured at 64 sites on Mount Spurr volcano with a portable 1.7 MHz
monopulse ice-radar system. At four additional sites, the ice thickness was measured at vertical ice
cliffs using a helicopter altimeter. Contour maps of ice depth and subglacial topography from the
ice- thlckness measurements show that the total area of permanent snow and ice on Mount Spurr i 15
360 km with an average ice thickness of 190£50 m, for a total snow and ice volume of 67+17 km?3
(60 km? water equivalent). Most non-glacier areas are covered seasonally by snow with an average
water equivalent of about 1 m at the end of winter. This amounts to an additional 100 km? or a 30
percent increase in the snow- and ice-covered area, but only a 1 percent increase in ice volume.

All of the snow and ice measured on Mount Spurr lies in the Chakachatna River basin or the
Chichantna River basin. Roughly 66 percent of the area and 80 percent of the volume of snow and
ice lie in the Chichantna River basin, a sub-drainage of the Beluga River.

Unusually high basal shear stresses were estimated for glaciers on Mount Spurr. At 20 per-
cent of the sites, basal shear stresses between 200 and 350 kPa were estimated. The normal range
of basal shear stresses referred to in the literature is 50-150 kPa. We conclude that the expanded
range of basal shear stresses found at Mount Spurr is normal and that there simply have not been
many determinations of basal shear stress on steep glaciers due to the difficulty of working on

them.
Mount Spurr has approximately 350 times more snow and ice than did Mount St. Helens
before its May 1980 eruption, and 15 times more than Mount Rainier, the most glacierized of the

volcanoes in the Cascade Range. On the basis of comparison of the relative quantities of snow and
ice, the glaciovolcanic hazards at Mount Spurr (such as floods, mudflows, and debris flows) are
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expected to be significantly greater than at Cascade volcanoes. However, the actual glaciovolcanic
hazards produced during any particular eruption are expected to be extremely variable and highly
dependent on the nature and magnitude of the eruption as well as on the quantity of snow and ice.
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APPENDIX. COORDINATE SYSTEMS

A local sea-level-scale coordinate system, based on the Universal Transverse Mercator
(UTM) grid and similar to that used by the authors elsewhere (Mayo and others, 1979; Trabant and
Mayo, 1979), was adopted for use at Mount Spurr. The origin of the Mount Spurr local system is
at UTM coordinates 520,000 m Easting, 6,770,000 m Northing in Zone 5. The conversion between
the UTM system and the local sea-level system is defined by:

UTM Easting = k X, + 520,000 (A-1)

UTM Northing = k ¥, + 6,770,000 (A-2)

in which X, and Y,, are local sea-level coordinates in m and % is the mean horizontal scale factor
between the UTM plane and sea level. The scale factor, k, at a point is a variable defined by:

P - 0.996 (A-3)

sin( 100 4 200,000 - E )
103

in which E is the UTM Easting of the point and the trigonometric function is evaluated in grad.

The mean scale factor used in equations A-1 and A-2 to convert between the local sea-level
system coordinates and UTM coordinates is the mean value of the nonlinear distribution of scale
factors between the local sea-level system origin and an observation point. Here it is obtained using
Simpson’s 1/3 rule. E is approximated by the sum of the UTM Easting of the local system origin
(520,000 m) and X,,.

1 a 1 (A-4)
500, 000 - (520, 000) - X"J
100, 000

_ 0.9996

k

+ +

4 500,000—(520.000)) ~ 1

sm(lO()+—-——-——mO“)00 . l00+500,000 (520,000) -5x | b oo,
100, 000

Equation A-4 is accurate within about 0.1 parts per million of equations from Departments
of the Army and the Air Force (1941) and hence yields results accurate at the centimeter level. Alti-
tudes are the same in both the local coordinate system and the UTM system.
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