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ABSTRACT

The objectives of this study were to document and interpret changes 

in thermal activity at two of three craters located on the rim of the 

ice-filled summit caldera of Mount Wrangell, an active glacier-clad 

shield volcano in south-central Alaska. The technique of "glacier 

calorimetry" was developed, through which changes in the volume of

glacier ice in the craters and caldera were measured and related to

changes in heat flow. Chemical analyses of gases and acid-thermal 

waters provided information on the underlying heat source. In 1965, 

thermal activity began increasing at both the North and West Craters. 

During the ensuing years, heat flow increased significantly at the North 

Crater, although in a highly fluctuating manner, while gradually

declining at the West Crater. Pulses in heat flow at the North Crater

occurred in 1966-68 and 1972-74, with both pulses followed by a four- 

year decline in activity. Increases in heat flow began again in 1978-79 

and have continued unabated through the summer of 1983. Over 80 percent 

of the r~> 4.4 x lÔ nf* ice volume within the crater in 1966 was melted by 

1982, and the meltwaters have drained or evaporated from the crater. 

The subsequent rapid development of numerous fumaroles, the large dry- 

gas proportion of SO2 (27 percent), and the inferred presence of gaseous 

HC1 indicate that a shallow degassing magma body is the source of heat 

driving the thermal system. Seismically induced fracturing above the 

magma body is hypothesized to explain the initial increases in thermal 

activity. The resulting massive influx of meltwaters into the sub-

iii
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surface is suggested as the cause of the fluctuations in heat flow. The 

continued increase in activity since 1979 suggests that the volume of 

meltwater being generated is no longer sufficient to quench the heat 

source beneath the crater.
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CHAPTER I - INTRODUCTION

The A,300 m Mount Wrangell volcano is one of several massive 

glacier-clad, Quaternary and Quaternary-Tertiary volcanic centers that 

comprise the western Wrangell Mountains in south-central Alaska (figs. 1 

and 2). Mount Wrangell itself is a shield volcano, largely composed of 

Pleistocene to Holocene basaltic andesite flows (Nye, 1983). Three 

Holocene craters (North Crater, West Crater, and East Crater) lie along 

the rim of an ice-filled summit collapse caldera; all three craters show 

varying degrees of solfatara activity. Other areas along the caldera 

rim also have solfatara activity and several fumaroles perforate a 

glacier on the southwest flank of the volcano. Historical eruptions 

from the summit appear to have originated from the West Crater. Mount 

Wrangell is the only volcano in the Wrangell Mountains that is presently 

active.

Prior to 1966, major venting of steam at the volcano's summit was 

confined to the West Crater. The North and East Craters were both 

filled with ice and displayed only mild steaming along their rims. In 

the mid-1960's, changes in thermal activity began in both the North and 

West Craters but not the East Crater or the caldera proper. The most 

prominent increase in heating at the West Crater occurred between 1965 

and 1966. Increases in thermal activity at the North Crater became 

evident in 1965 and 1966 when investigators noted significant expansion 

in the area of snow- and ice-free ground, higher ground temperatures 

along the crater's rim, and a thinning of glacier ice within and on the

1
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Figure 1. Map of southern Alaska and adjoining parts of Canada showing principal 
late Cenozoic tectonic features, Pleistocene to Recent volcanoes (circles), 
the surface projection of the 85 km deep contour on the Benioff zone (heavy 
dashed line) and the Yakutat Block. After Nye (1983).



3

south and east rims of the crater (Bingham, 1967). During the ensuing 

years, both the North and Wast Craters underwent dramatic changes in 

thermal activity; heat flow at the West Crater gradually declined while 

heat flow at the North Crater increased significantly, although in a 

highly fluctuating manner. By 1982 over 80 percent of the estimated 

44 x lÔ nf* of snow and ice that had filled the North Crater in 1966 was 

gone and numerous high-pressure fumaroles had formed on the crater 

floor. The principal objectives of this study are to document and 

explain these recent changes in thermal activity at the summit of Mount 

Wrangell.

The summit of Mount Wrangell is covered by snow and glacier ice, 

has a mean annual temperature of -20°C, and a mean annual accumulation 

of snow between 1 and 1.5 m water equivalent; negligible melting occurs 

from sources other than volcanic heat. When the basal melting of 

glaciers is in equilibrium with the accumulation of snow and the flow of 

glacier ice, the surface profiles of the glaciers remain essentially the 

same over periods of years. Increased heat flow produces non

equilibrium basal melting which results in a net loss of ice and lower

ing of the ice and snow surface. Monitoring variations in the rate of 

ice melting provides a means of finding variations in heat flow. 

Glacier calorimetry is the term used in this study for this method of 

determining volcanic heat flow. Melt-rates at the bases of glaciers in 

the summit craters and caldera were determined through a combination of 

periodic geodetic glacier surveys, measurements of snow accumulation, 

and photogrammetric analysis of ice volume changes.
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Glacier calorimetry and the chemical analyses of thermal waters and 

volcanic gases are the principal methods used in this study to investi

gate the changes in heat flow and the processes responsible for the 

changes. More emphasis is given to documenting the fluctuations and 

trends in heat flow than to obtaining a firm estimate of total heat flow 

from the volcano. The latter would require rigorous documentation of 

heat exchanges at snow-free ground surfaces and is beyond the scope of 

this study.

Guide for the Reader

The Wrangell volcanoes are remote and only recently have earth 

scientists begun to examine them in any detail. To familiarize the 

reader with this important volcanic province, Chapter II provides a 

description of the regional setting followed by a detailed description 

of Mount Wrangell. Information on historic eruptions obtained from 

public documents, newspaper accounts, and verbal communications is also 

summarized.

Chapter III begins with a photo-documented chronology of recent 

changes in thermal activity and the effects of this heating on glacier 

ice at the North Crater. A heat-and-mass transfer model for the near

surface region is then developed to provide a basis for interpreting 

glacier melt and other observations in terms of heat flow. Glacier 

calorimetry, the primary method used in this study to measure heat flow 

and document changes in thermal activity, is then described. The method
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is applied to the North Crater and the resulting data are presented and 

discussed along with findings derived from other observations. In the 

last part of the chapter, mass balance relationships between ice, melt

water, and steam are considered, along with the implications of melt

water percolation into the deep thermal system.

Chapter IV presents and examines glacier calorimetric data and 

other observations for other regions of the volcano.

The acquisition of samples of thermal waters and fumarolic gases 

from the North Crater, and their chemical and isotopic analyses are 

discussed in Chapter V.

Chapter VI summarizes the key features of the increased heating and 

examines possible explanations for the phenomena described in the pre

vious chapters.

A summary of the observations, data, findings and hypotheses of the 

preceding chapters is presented in Chapter VII.

Appendices to this work provide detailed information on A) the base 

survey network used at Mount Wrangell, B) glacier surveys, and C) photo

grammetry. Appendix D provides additional information and data per

taining to heat flow and thermal activity including 1) the method used 

for calculating volume changes from photogrammetry, 2) discussion of ac

cumulation estimates, 3) discussion of ice flux estimates, 4) volume 

corrections for subglacial cavities, 5) heat losses from temporary 

crater lakes, 6) estimates of heat flow from ice-free thermal areas, and 

7) seismic monitoring. Appendix E is a glossary of abbreviations, 

units, conversion factors, and symbols and subscripts used in the text.
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Summary of Findings

The data and observations discussed in this study document a 

fluctuating pattern of thermal activity at the North Crater during the 

period from 1966 to 1980. Pulses in thermal activity, characterized by 

rapidly increasing heat flow over a two-year period, were found to occur 

between the summers of 1966 and 1968, 1972 and 1974, and 1978 and 1980. 

The 1968 and 1974 pulses were both followed by a four-year decline in 

heat flow in glacier-covered areas and, by inference, in ice-free 

regions as well. However, rather than declining after 1980, thermal 

activity at the North Crater has continued to increase. The energy 

released during each of the three pulses was found to increase with each 

succeeding pulse, with the increases occurring mainly in the zones of 

major fumarolic activity. The thermal oscillations appear thus to have 

been superimposed on a longer-term trend of increasing heat flow.

Thermal activity at the West Crater has declined since 1966 

although brief resurgences of heating may have occurred in 1974-1976 and 

possibly 1978-1979. The magnitude of the decline and fluctuations in 

heat flow are much smaller in scale than those at the North Crater. The 

level of thermal activity at the East Crater and in the caldera has 

remained constant over the past 25 years and probably since at least the 

turn of the century.

Chemical analyses of gases and thermal waters from the North Crater 

provide strong evidence that a degassing magma body is the source of 

heat driving the thermal system. The large dry-gas proportion of SO,,
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(27 percent), the high chloride concentration and low pH levels of the 

waters indicating the presence of halogen gases, and the numerous 

high-pressure fumaroles, some of which are now superheated, suggest the 

magmatic heat source lies at a very shallow level, perhaps not more than 

1 km beneath the North Crater. The abundance of water in the gas 

sample, the high oxygen fugacity and the temperature range of 600-800°C 

inferred from gas equilibria diagrams indicate this magma is in the late 

stages of crystallization.

Seismically induced fracturing and rupturing of self-sealed con

duits above the magma body is advanced as a plausible hypothesis to 

explain the initial increases in thermal activity at Mount Wrangell. An 

earthquake possibly responsible for initiating this seismic fracturing 

is the Alaska 1964 Good Friday earthquake.

The massive influx of meltwaters into the subsurface region is the 

proposed cause of thermal fluctuations that occurred between 1966 and 

1980. Under this hypothesis, meltwaters generated during the initial 

increases in thermal activity percolated down and accumulated over the 

heat source. This influx of cold waters increased pressure, causing a 

temporary quenching and reduction in vapor generation, thereby reducing 

the heat flow to the surface. The reduction in heat flow resulted in a 

corresponding reduction in melt-rate and, therefore, in the rate of 

water influx into the deeper system. The rate at which waters ac

cumulated over the heat source gradually declined and reservoir waters 

were gradually brought to the boiling point until the rate of vaporiza

tion began exceeding the rate of meltwater infiltration. Reduction in
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water pressure by a combination of mass loss through vaporization, and 

by lateral drainage of waters from the reservoir, caused an acceleration 

in the rate of vaporization, triggering a new pulse of increased heat 

flow at the surface. Rough calculations indicate this hypothesis is 

consistent with time and mass balance constraints imposed by heat-flow 

data derived from glacier calorimetry. The much smaller amounts of 

meltwater currently being generated appear to be insufficient to quench 

the heat source any longer and thermal activity, rather than declining, 

has continued to increase after 1980. Although heat flow at the West 

Crater declined significantly since 1966, the correlation of several 

thermal events between the North and West Craters suggests the two 

craters are interconnected at depth along the caldera ring fracture.

Study of aerial photographs indicates glaciers on the northeast 

flank of the volcano began advancing sometime after 1965. In contrast, 

glaciers on other flanks of the volcano and elsewhere in the vicinity 

are not advancing. The drainage of hot meltwaters from the North Crater 

is advanced as a possible cause of the glacier advances on the northeast 

flank of the volcano. If the glaciers below the caldera rim were frozen 

to their beds prior to the increased heating, then the meltwaters could 

have raised basal ice temperatures to the melting point thereby inducing 

basal sliding. However, the response time for transferring ice from the 

upper slopes to the terminus would have to have been very fast to 

account for the advances.
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CHAPTER II - GEOLOGIC SETTING

Regional Setting

The Wrangell Mountains of south-central Alaska are an extension of

the St. Elias Range, trending northeast from the Canadian border and

terminating abruptly at the Copper River basin (figs. 1 and 2). The

high elevation of these mountains, combined with heavy snowfall from the

north Pacific Ocean, produces a mantle of glacier ice exceeding 5,000 
2km in area, about 62 percent of the area covered by the Vatnajokull Ice 

Cap in Iceland, and three times the size of the Columbia Glacier in 

Alaska. Mount Wrangell is one of a group of massive 

Pliocene-Pleistocene shield and composite strato-volcanoes that lie at 

the western end of the range.

The late Tertiary and Quaternary effusive flows, tuffs, breccias, 

and associated sedimentary rocks that comprise the Wrangell volcanoes 

have been collectively termed Wrangell lava (Mendenhall, 1905). The 

volcanic rocks were extruded onto a well-developed subaerial erosion 

surface, mantling older rock units and covering an exposed area of over

12,000 km2 (Mendenhall, 1905; Richter, 1976; MacKevett, 1976). The com

position of the volcanic rocks ranges from basalt to dacite with 

basaltic andesite and andesites predominating (Deininger, 1972; Richter, 

1976; Richter and others, 1979; Nye, 1983; Motyka and Benson, un

published data). This assemblage records an extensive and on-going 

period of calc-alkaline volcanism that is coeval with volcanic activity 

around much of the North Pacific rim.
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Figure 2. Landsat satellite image (4010720164, 10 Oct. 1982) of the western Wrangell 
Mountains. The largest glacier is the Nabesna Glacier. Major volcanic centers 
include (1) Mount Drum (3,660 m); (2) Mount Sanford (4,950 m); (3) Mount Jarvis 
(4,090 m); (4) Mount Blackburn (4,995 m); and Mount Wrangell (4,300 m).
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The Wrangell Lava is post mid-Miocene in age. Lowermost lavas near 

McCarthy are interbedded with strata containing Miocene plant fossils 

(MacKevett, 1971) and basal flows near Nabesna and in the White River 

valley have yielded K-Ar ages of 13.5 ± 0.08 m.y. and 10.5 ± 0.3 m.y. 

respectively (Deininger, 1972; Denton and Armstrong, 1969). Northeast 

of Mount Wrangell, deep erosional cuts in the Copper, Jacksina and 

Nabesna River drainages expose an almost continuous succession of inter

bedded lava flows, mud flows, tuffs and breccias locally exceeding

2,000 m in thickness. Radiometric dates indicate an age span of 13.5 to 

2.5 m.y. B.P. for volcanic strata exposed in the Nabesna River area 

(Deininger, 1972; Deininger and Turner, unpublished data). These strata 

formed the platform upon which several overlapping shield and strato- 

volcanoes, including Mount Jarvis (4,090 m), were subsequently built 

(Richter, 1976). These volcanoes and their numerous subsidiary vents 

lie between the Nabesna and Copper Glaciers and were constructed during 

the mid-Pliocene to late Pleistocene with several cones still retaining 

their original form.

Mount Drum (3,660 m), the westernmost Wrangell volcano, lies 32 km 

northwest of Mount Wrangell. This stratovolcano was constructed 600,000 

to 200,000 years ago by at least two cycles of cone-building and ring- 

dome extrusion (Richter and others, 1979). The southern half of Mount 

Drum may have been destroyed by a series of explosive eruptions which 

marked the end of vigorous constructive activity. The volcano is 

heavily dissected and shows no signs of current activity.
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Little is known about the geologic history of the two highest

stratovolcanoes in the group: Mount Blackburn (4,995 m) and Mount Sanford

(4,950 m) . Mount Blackburn, located 50 km southeast of Mount Wrangell, has

been heavily dissected by glaciers indicating little volcanic activity

in recent times. The southwest face of Mount Sanford, 23 km north of

Mount Wrangell, is deeply eroded by glaciers. However, its west and

north flanks have had little erosion, suggesting that volcanic activity

continued into the late Pleistocene.

Based on estimated volumes and ages of the western Wrangell

volcanoes, Nye (1983) calculated the rates of eruption and found that

not only are the volcanoes among the largest convergent margin volcanoes

in the world but that they also represent an exceptionally high rate of

magma production. The calculated edifice production rate of 
3

30 km /my/km of arc length is about five to ten times greater than any

thing reported in the circum-Pacific region during late Cenozoic time.

The sources of the great volumes of magma and causes of the rapid extru

sion rate are not clear. Evidence for a north-northeast-dipping Benioff 

zone south of the Wrangell volcanoes was recently reported by Stephens 

and others (1983).

Mount Wrangell

General Description

Mount Wrangell (4,300 m) is the northernmost active volcano on the
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Pacific Rim (62°00'N, 144°00'W). Although heavily glaciated, it still 

retains the form of a very large shield volcano, with glaciers radiating 

from a nearly continuous ice cap above 2,100 m elevation (figs. 2 and 

3). Rivers that emerge from glaciers on the north, west and south 

flanks all flow into the Copper River, which begins at the Copper 

Glacier on the north flank of Mount Wrangell and loops around the 

western perimeter of the Wrangell Mountains.

Approximately 30 km in diameter at 2,000 m elevation with an area
2of 32 km above the 4,000 m level, the volcano is about six times larger 

in volume than Mount Rainier, Washington (C. Benson, personal commun.; 

Nye, 1983). Morphologically, Mount Wrangell consists of the active 

Wrangell volcano which overlies a highly dissected preexisting volcano, 

located 15 km southwest of the summit of Wrangell volcano (Nye, 1983). 

Mount Zanetti (3,965 m), a parasitic volcanic cone on the northwest 

flank of Mount Wrangell, shows no sign of erosion and has probably been 

formed since the height of the Pleistocene glaciation. Potassium-argon 

ages indicate the lavas that comprise ancestral Mount Wrangell were 

erupted over a time span of at least one million years (Nye, 1983; 

Motyka, Benson, and Turner, unpublished data). Nye, 1983, reports that 

the oldest dated lava flow that can be unequivocally assigned to modern 

Wrangell volcano is 0.08 ± 0.04 m.y. old. Mount Wrangell is composed 

primarily of basaltic andesitic (53-57 percent Si02) and acid andesitic 

(57-63 percent Si02) lava flows, and is characterized by thick sections 

of lavas with only slightly different chemistries (Nye, 1983).
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Figure 3. This 2x magnification of Landsat image of 4010720164 (10 Oct. 1982) Mount 
Wrangell volcano clearly shows the summit caldera and its rim craters. The 
large ring structure, labelled "extended caldera", was suggested to be the 
remains of a breached and eroded ancestral caldera (Benson and Shapiro, 1974). 
The crater and caldera names are informal and used for convenience. The image 
also shows the Copper Glacier and the ice cap radiating from the summit of 
Mount Wrangell. The glacier west of the Copper Glacier has been informally 
called the "West Copper" glacier and the name Ahtna has been proposed for it. 
The name "MacKeith" glacier has been proposed for the glacier west of the West 
Copper glacier in honor of Peter MacKeith.
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Summit Features

The summit of Mount Wrangell is capped with a 4 X 6 km pear-shaped, 

ice-filled caldera (figs. 4 and 5). Lack of erosion suggests a late 

Pleistocene to Holocene age of formation for the summit caldera. Recent 

radio echo sounding indicates ice within the caldera is up to 500 m deep 

(G. Clarke and C. Benson, personal commun., 1982). Three prominent 

post-caldera craters (West, North and East Craters) lie along the crest 

of the caldera rim (figs. 4 and 5) and all have varying degrees of 

solfatara activity. Several other sections of the caldera rim have 

fumaroles and remain snow-free despite a mean annual temperature of 

-20°C and an annual snowfall of more than 1 m water equivalent.

A broad arcuate spur extends eastward for 5 km from the east side 

of the summit caldera (fig. 3); it ends at the Far East Crater which is 

about 0.6 km in diameter and is breached by glacier ice on its northeast 

side. Although two-thirds of its rim is snow free, the ground is frozen 

and shows no signs of geothermal heating; the crater appears to be in

active. The outline and parts of the rim of a second satellitic 

crater on this spur are discernible about 3 km east of the East Crater. 

This ice-filled crater is about 1 km in diameter and does not appear to 

be active. Mount Zanetti, the summit caldera and the east spur, with 

its two satellitic craters, mark the southern rim of a large ring struc

ture 15 km in diameter. First identified on Landsat and NOAA satellite 

images, the feature was suggested to be the remains of a breached and 

eroded ancestral caldera (Benson and Shapiro, 1974; fig. 3).
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Figure 4. A northward view of the summit caldera of Mount Wrangell, 
prior to the recent episode of increased heating. Ice draining 
through a breach in the southern rim (Long Glacier) is essentially 
the only flux of ice out of the summit caldera. The north inner 
wall of the West Crater is completely snow free but only the south
ern rim of the North Crater has bare ground. The East Crater is 
to the right of the center and the Far East Crater lies at the 
right hand margin. The Copper Glacier is the longest glacier in 
the upper right; warm springs flow between it and the "West 
Copper" glacier. This photograph was taken in 1948 by the U.S. 
Air Force.
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The slope of the snow surface in the summit caldera is less than 3 

percent, varying from 4,000 m to 4,100 m altitude in 3.5 km. Ice flows 

out of the caldera through an erosional breach in the southern rim and 

forms the head of Long Glacier (figs. 3, 4 and 5).

Most of the inner wall of the summit caldera is covered by ice but 

an extensive, highly indurated outcrop of auto-brecciated andesite and 

bedded pyroclastic rocks is exposed on the cliff wall directly below the 

summit ridge on the northeast caldera rim. Over 120 m thick, this 

sequence of volcanic rocks probably represents a paroxysmal phase of 

eruptive activity which preceded caldera collapse. The outcrop, 

particularly at the base of the summit cliff, is extensively fractured 

and normal faulted (inner caldera side down) suggesting subsidence along 

a ring fracture. High heat flow, fumarolic activity, and active 

hydrothermal alteration are currently localized along these fractures 

and faults. Other sections of the caldera rim which remain snow free 

consist mainly of highly altered tuff breccias, andesitic flows, and red 

clays. Two agglomeratic andesitic domes which occur near BM4 and BM5 

have apparently been extruded along the ring fracture and postdate 

caldera formation.

North Crater

The North Crater lies inside and tangential to the caldera rim 

(figs. 4 and 5). It is the largest of the three rim craters and con

sists of two intersecting craters; the shallower southwest third, about
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Figure 5. The summit caldera of Mount Wrangell in 1975. All survey 
control points are identified and the dashed lines indicate loca
tion of glacier movement markers surveyed in 1976. Changes in the 
North Crater are readily apparent when this photograph is compared 
with that of figure 4.
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0.5 km in diameter, is cut by a 0.75 km diameter crater. Prior to 1965, 

this double crater was ice filled with only a section of its south rim 

kept snow-free by high geothermal heat flow. Between 1965 and 1980 

increased thermal activity in the North Crater melted enough snow and 

ice to increase the exposed rock area by an order of magnitude (fig. 6). 

The net decrease in the volume of snow and ice within the crater exceeds 

50 x 10 ^m^; the water equivalent is 43 x 10 (including 8 x 10 ^m^ 

of snow accumulated during the time period).

The crater walls consist of highly fractured and brecciated 

andesitic flows, palagonitic lithic tuffs and bedded pyroclastics. The 

crater rim is mantled by altered pyroclastics, large fresh blocks of 

vitreous andesite, and bread crust bombs. Encrustations of sulfur and 

other secondary minerals up to several millimeters thick are common at 

shallow depths near centers of high heat flow.

West Crater

The West Crater, labelled Mount Wrangell crater on USGS topographic 

maps, lies less than 1 km from the North Crater and straddles the 

caldera rim. It is conical in shape, 700 m in diameter, and over 100 m 

deep (figs. 3 and 4). Its southern wall is covered by a glacier that 

descends steeply down the inner slope to the crater bottom. Volcanic 

heat and several active fumaroles keep the northern wall free of snow. 

The exposed wall consists of 10-20 m of well-bedded tephra layers and 

andesitic flows originating from the crater, overlying lava flows that
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Figure 6. The North Crater as seen from the West Crater in 1965, on left, and 1976 on the right. 
During these 11 years, increased volcanic heat flow melted more than 40 million cubic meters of 
ice within the crater. The snow surface in the North Crater was high enough in 1965 to block 
the view to background peaks which are easily seen in 1976. The 1976 tent camp is visible out
side of the crater to left of center. The huts which served as research stations are visible on 
the southern rim of the North Crater.



form the caldera rim. The rocks are predominately olivine-bearing, two- 

pyroxene andesites (Furst, 1968).

The surface of the northern wall is craggy, indicating little or no 

glacier scour and suggesting a recent origin. Before the recent in

creases in thermal activity at North Crater, the West Crater was the 

only one which was not filled with snow and ice.

East Crater

The nearly circular East Crater is situated across the caldera from 

the West and North Craters. It is 600 m in diameter and caps a volcanic 

cone perched on the northeast rim of the caldera (figs. 4 and 5). 

Although the crater is filled with ice and snow, ice flow has yet to 

breach the crater rim, indicating that heat flow within the crater is 

high enough to offset the accumulation. The snow-free south and 

southeast slopes of the cone form part of the inner caldera wall; its 

steep northwestern slope is covered with a thin veneer of snow and forms 

part of the outer caldera wall.

Moist red clay and growths of moss and algae surround numerous 

small fumarole vents on the western ridge of the crater. Several small 

domes and rock spires, each several meters high and covered with 

rime ice, are situated at the crest of the southeast and west rims. The 

outcrops along the west ridge of the crater are composed of highly 

altered blocky and agglomeratic olivine-bearing, two-pyroxene andesites 

(Furst, 1968). The jagged appearance of the crater rim indicates little
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or no glacier erosion has taken place and suggests that the crater 

formed recently.

Outer Slopes

North Flank

The north flank of Mount Wrangell is characterized by youthful

volcanic and glacial features. The entire upper slope down to the

2,100 m level is mantled by steeply sloping crevassed glacier ice. Much

of the remaining terrain is covered by glacier drift from Alaskan and

Wisconsinan glaciations. The ice fields feed the West Copper'*' Glacier 
2and the MacKeith Glacier. The latter glacier flows over terrain with 

no established valleys, which suggests that the bedrock is very young. 

The Copper Glacier is the longest glacier (16 km) on the north flank and 

is fed by ice from the Nabesna Ice Field and the eastern slope of Mount 

Wrangell (fig. 3).

The only eruptive vent found in this region is a heavily eroded 

andesitic volcanic neck and cone, located in an embayment of the upper 

western margin of the West Copper glacier. If other ancestral eruptive 

vents exist on the NNE flank they are now covered (or have been eroded) 

by ice. Basalt-andesitic flows partially overlap the southern end of

^Informal name - the name Ahtna has been proposed formally for this 
2glacier.
A proposal to name this glacier in honor of Peter MacKeith is pending.
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the cone. A date of 0.6 ± 0.02 m.y. (K-Ar) was obtained from the upper

most flow exposed in this section (Motyka, Benson and Turner, unpub

lished data).

Volcanic rocks exposed elsewhere on the north-northeast flank 

consist mainly of basaltic-andesitic flows. The exposures, occurring on 

both sides of the lower West Copper glacier, consist of a sequence of 

palagonitized and auto-brecciated, olivine-bearing, basaltic andesites 

up to 20 m thick, which grade upward into highly fractured columnar 

basaltic andesites, 10 to 30 m thick. Similar sequences of volcanic 

rocks have been found at volcanoes thought to have formed beneath large 

ice sheets (Jones, 1969). The western-most of the two outcrops was 

dated at 0.6 ± 0.02 m.y. (K-Ar) (Motyka, Benson and Turner, unpublished 

data).

South and West Flanks

Except for Cheshnina Glacier, the lower parts of all the major 

glaciers radiating to the south and west from the Mount Wrangell summit 

ice cap flow in established valleys (figs. 2 and 3). The glaciers on 

the west flank (Dadina, Chiehokna, Chetaslina and East Chetaslina) 

originate on the moderately steep and convex upper west and northwest 

slopes of Mount Wrangell. Near their equilibrium lines they descend 

sharply down a series of steep ice falls across thick sequences of 

interbedded volcanic rocks, before leveling out to a moderate gradient 

in their erosional valleys. Long Glacier, an ice stream extending 28 km
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down the south flank, is fed primarily from the summit caldera and flows 

down a steep erosional trench over a series of ice falls before entering 

and flowing through a winding glacial trough (figs. 2 and 3).

Eruptive rocks on the west and south flanks were first investigated 

by Mendenhall (1905), who found the Wrangell Lavas to cover an older 

erosional ridge composed of upper paleozoic dioritic intrusives and the 

Triassic Nikolai greenstones. Evidence for a major ancestral volcanic 

center lying between the upper Chetaslina and East Chetaslina Glaciers 

is discussed by Nye (1983); this zone is marked by hydrothermally 

altered rocks which may be part of the eroded core region of the 

ancestral volcano. Flows dip away from this zone and towards present- 

day Mount Wrangell at elevations as high as 2,300 m. The center may 

also have been the source of a 1,000 m-thick sequence of interbedded 

volcanic rocks exposed along the east side of the East Chetaslina 

Glacier.

One striking feature of the south and southwest flanks of Mount 

Wrangell is the widespread distribution of a massive debris flow (or 

flows); exposures were found along the lower drainages of the 

Chetaslina, East Chetaslina and Kotsina rivers and as far away as 

Tonsina and Chitina, over 65 km from Mount Wrangell. In some places the 

flows cross the Copper River and most likely dammed this major drainage. 

Recently described in detail by Yehle and Nichols (1980), the flows are 

characterized by the heterogeneity and great size variation of in

corporated volcanic rocks. Many clasts appear to be derived from hydro

thermally altered rocks; some are tens of meters in dimension.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25

The flows appear to have originated from the vicinity of present- 

day Mount Wrangell. The age of the debris flow is unknown. Yehle and 

Nichols (1980) reported an age "of no older than 200,000 years" for an 

andesite "that apparently overlies the debris flow near the mouth of 

Loraine Creek (Lower Kotsina)". A potassium-argon date of 

0.43 ± 0.16 m.y. B.P. was obtained for an andesite which apparently 

overlies the flow along the lower Chetaslina (Nye and Turner, unpublish

ed data). The debris flow pre-dated at least one major glaciation and 

was deposited during an interstade (Yehle and Nichols, 1980).

Eruptive History of Mount Wrangell

Little is known about the chronology of Mount Wrangell's Holocene 

volcanism. Most of the volcanics that comprise Mount Wrangell are prob

ably older than the Wisconsinan glaciation but the relatively uneroded 

summit and slopes of Mount Wrangell indicate that many of the flows 

there are not more than a few thousand years old. The lack of caldera 

rim erosion and the high level of geothermal activity suggest that the 

caldera itself formed very recently, perhaps during Holocene time. The 

three geothermally active caldera-rim craters provide evidence for at 

least four major post-caldera eruptions (four because the North Crater 

is a double crater). The low degree of erosion of the Far East Crater 

and Mount Zanetti suggest that these volcanic centers may also have been 

formed during the Holocene.
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The Wrangell region was sparsely populated until recently and 

historic descriptions of eruptions have been few and vague in detail.
3The original Ahtna-Athabaskan name for Mount Wrangell, Uk'eledi meaning 

"smoking top" implies that the summit of Mount Wrangell was geothermally 

active long before the arrival of Russian explorers. The first record 

of activity was Grewingk's (1850) statement that Mount Wrangell erupted 

in 1819. The veracity of this report is dubious since 1819 was the 

first year the Russians observed the volcano.

An eruption of Mount Wrangell, during the Icy Bay earthquake 

(magnitude 8.3) of September 4, 1899 was recorded by the chief

quartermaster, and by the head guide of an expedition mapping the Copper 

Center region (Abercrombie, 1900). Both men claimed they saw an 

eruptive plume over the summit and lava flowing down the northwest flank 

immediately following the earthquake. Icy Bay is located 260 km 

southeast of Mount Wrangell.

Mendenhall (1905) reported sighting at least a dozen fumarole 

plumes along the western caldera rim of Mount Wrangell during the summer 

of 1902. A photo in Mendenhall's report, taken in late May or early 

June 1902, shows a vapor plume over the West Crater and the snow around 

it covered with ash. An article in the July 1, 1902 edition of the 

Valdez Prospector stated that large black clouds were billowing above 

Mount Wrangell's summit, and volcanic debris was floating down the local

3This is a special Ahtna name for the mountain while it was erupting. It
had another name during quiescent periods Etani, which means the
originator.
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streams. Another ash eruption from Mount Wrangell was reported by a 

local resident in March of 1908— about three weeks after a strong 

earthquake rocked the area.

Mount Wrangell was climbed in July 1908 by R. Dunn and W. Soule. 

Dunn (1909) reported considerable venting of vapor from the depths of 

the West Crater with plumes rising from 2 to 3 km above the crater. All 

that was visible of the North Crater were the peaks located on the west 

rim, the remainder of the crater apparently being snow covered.

Three years later, the Chitina Leader (January 28, 1911) reported 

that natives had observed an increase in the size of the vapor plume 

issuing from the summit of Mount Wrangell. This increase followed two 

minor tremors on the morning of January 21, 1911. The following head

line account of an eruption from Mount Wrangell appeared in the 

April 15, 1911, edition of the Chitina Leader:

"Last night about 9:20 p.m. a flash which was at first mistaken for 
lightning, was observed at the summit of Mount Wrangell. This was fol
lowed in a minute or so by another, which was recognized then as a 
tongue of flame issuing from the crater of the mountain. In about five 
minutes, an immense volume of fire swept up into the sky ... Height of 
the column was judged by the known height of the mountain to have been 
from two to three thousand feet. This was succeeded by a couple of 
flashes similar to the first seen after which the giant mountain re
lapsed into comparative quiet, although clouds of unusually black smoke 
continued to poor from the main crater for some time afterwords."

Reports of eruptive activity continued into mid-November 1911.

The Valdez Weekly Miner (April 28, 1912) carried an account from 

Tonsina: ".... large clouds of smoke and vapor pouring out of a crater
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and ascending high into the air." A prospector from Kotsina reported 

very strong sulphur fumes on the south-southwest flank and claimed that 

Mount Wrangell had "broken out in several different places, all low down 

on the mountain and a considerable distance from the big crater" (Valdez 

Daily Prospector, September 13, 1912). The latter may be a reference to 

the cluster of fumaroles that perforate the glacier ice at about 3660 m 

(12,000 ft) elevation on the west-southwest flank of the mountain. 

Another account, appearing in the September 15, 1912, Valdez Weekly 

Miner claimed that "lava was flowing down the west flank of the volcano 

and that great columns of smoke were rising from the mountain top".

Capps (1916), reported steam activity at the summit of 

Mount Wrangell. Local inhabitants reported a small eruption on July 3, 

1921. The plume was seen from Chitina, located southeast of the 

volcano, towering well above Mount Wrangell with the source somewhere on 

the north flank of the mountain (fig. 7). This plume was also observed 

by Wm. Cameron from near Sourdough, which is located northwest of the 

volcano. Another short eruption is reported to have occurred on April 

6, 1930. Again documented by photographs from Chitina, billowy white 

plumes were observed rising high above the West Crater (fig. 8). No 

further reports of eruptions from Mount Wrangell have been made since 

1930, although the area is remote and the characteristically heavy cloud 

cover could easily obscure the mountain during short eruptive events.

The vagueness of some early reports, which lack photo documenta

tion, requires they be regarded with caution. Untrained observers tend 

to report eruptions on inconclusive evidence. An increase in humidity
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Figure 7. Eruption plume observed on July 3, 1921. The source of the plume is located somewhere on 
the north flank of Mount Wrangell.
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often substantially increases the amount of condensation within a vapor 

plume, giving the appearance of increased activity. Judging from the 

detailed account, however, the April 1911 report seems reliable. Taking 

all the reports together it appears certain that Mount Wrangell has had 

a high level of volcanic and geothermal activity during the early years 

of this century, and, apart from the 1921 event, most of the activity 

probably originated from the West Crater. The West Crater is the least 

eroded of any of the caldera rim craters and has emitted vapor plumes 

continuously since the turn of the century. The recent shift of thermal 

activity suggests the North Crater could become the next eruptive 

center.
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CHAPTER III - NORTH CRATER THERMAL ACTIVITY

Increases in thermal activity at the North Crater first became 

evident in the summers of 1965 and 1966 and subsequently increased 

rapidly, though in a fluctuating manner, evolving to its present state 

of vigorous and widespread fumarolic activity. Pulses in thermal 

activity occurred between the summers of 1966 and 1968, and 1972 and 

1974. Thermal activity increased again between the summers of 1978 and

1979. This current pulse of activity has continued unabated through the 

summer of 1983. Although heat flow declined in the intervals following 

the first two pulses it nevertheless remained at levels much higher than 

it was before 1965. By 1982 over 80 percent of the original 1966 volume 

of ice and snow within the crater had melted.

The chronology of these changes in thermal activity is first 

described using photographs and drawing upon information discussed later 

in the text to help illustrate the changes that have occurred. Follow

ing the chronology a heat-and-mass transfer model is presented to pro

vide a basis for interpreting changes in glacier mass balance in terms 

of heat flow and to provide an understanding of heat-and-mass transfer 

in both ice-covered and ice-free areas of the crater. The methodology 

of glacier calorimetry is then developed and applied to the North 

Crater. The resulting heat flow data are examined to determine the 

characteristics and variations of heat discharge with time and locality. 

An analysis is made of fumarole heat and mass flow. Estimates of heat

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

flow from ice-free areas are combined with heat flow from glacier- 

covered areas to provide estimates of total crater heat flow. The last 

part of the chapter analyzes total mass balance at the North Crater.

Chronology of Recent Thermal Activity

As an aid in describing the recent events at the North Crater 

several different thermal zones (labelled as TZ) are identified in 

figures 9 and 11, These are areas in which thermal activity progres

sively appeared in the crater between 1966 and 1980. Several of these 

zones eventually merged into a continuous arc of fumarolic activity on 

the floor of the crater.

Pre-1965

Observations made during several excursions to the summit indicate 

that geothermal activity at the North Crater remained stable between 

1953 and 1964. A noteworthy feature of photographs taken prior to (and 

including) 1965 is the smoothness of the North Crater snow surface (fig. 

9). Ice flowed out of the North Crater, through a breach in its 

southeastern rim, into the caldera. Comparison of a stadia rod profile 

made across the west part of the North Crater in 1961 (C. Benson, 

unpublished data) with a photogrammetric map of the North Crater made 

from the 1957 photography indicates that the snow surface elevation had 

increased slightly. Comparison of 1965 surveys of the glacier surface

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 9. Vertical air photos of the North Crater taken in (a) 1957,
(b) 1965, (c) 1972, and (d) 1974.

(a) Prior to 1965, the North Crater was filled with ice and snow 
except for small sections of the rim kept open by geothermal heat. 
Circles indicate approximate location of the two intersecting 
craters which comprise the North Crater. Most of the ice which 
flowed from it entered the caldera through a breach in the south
east rim in the direction of the arrow. Research huts JH and RH 
were located on the ice-free south rim.

(b) By August 1966, increased basal melting caused a drop of 5 to 
15 m along the southeast rim. This pulse of thermal activity cul
minated in 1968. Heat flux then declined but still remained at a 
moderately intense level.

(c) By July 1972, crevasses and ice walls up to 50 m high had 
formed on the northern boundary of a series of fumaroles, FI and 
F2, comprising thermal zone one, TZl. A 20 m-deep, 50 m-long
trough in the snow surface revealed another zone of thermal
heating, TZ2. Ice along the inner eastern crater wall was col
lapsing into a series of ice pits generated by fumarolic activity 
in TZ3. '

(d) Heat flux increased considerably in 1973 with peak activity 
occurring in 1974. During this episode ice overlying TZ2 was com
pletely melted resulting in a temporary crater lake. In addition 
two other thermal zones had become prominent: a 50 m deep depres
sion in the central part of the crater, TZ5, and a 25 m deep trough 
in the snow surface, TZ4, lying between TZ2 and TZ5.
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with the 1957 photogrammetric map also showed that the snow surface 

elevation had increased, by 2-5 meters, over the central part of the 

North Crater. This increase of ice mass within the North Crater sug

gests that it had not yet reached mass- and heat-flux equilibrium from 

some previous episode of thermal activity.

1965-68

Studies undertaken during 1965-66 documented the first signs of 

increased heating:

1. Subsurface temperature measurements in 1965 indicated the boiling- 

point temperature was closer to the ground surface than it had been 

in 1961 (Benson, 1963; Bingham, 1967; Wendler, 1967; Benson and 

others, 1975).

2. The area of bare ground increased between the summers of 1964 and 

1965 with a more prominent change occurring between 1965 and 1966.

3. Surveys of the glacier surface showed local subsidence of the snow

surface in the vicinity of the south rim between 1965 and 1966.

4. Glacier motion near the south rim in 1965 was directed towards the

rim, indicating basal melting.

5. Prior to March 1966, no vegetation had been observed along the hut

ridge at North Crater. However, in 1966, algae were present on the

ridge in areas that were at, or close to, the boiling point 

(Bingham, 1967).
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6. In August 1966, heat-flux as high as 50 W/m was measured from

basal melt-rates of glacier ice flowing over the southern rim

(Bingham, 1967). A comparison of oblique photos taken in 1954 and 

1966 shows that the ice had thinned there by between 5 and 15 

meters.

The increase in exposed ground area and the lowering of the snow 

surface at the south rim were attributable in part to an exceptionally

low snowfall between August 1965 and August 1966 (Wharton, 1966).

However, the large vertical velocities of glacier motion stakes near the 

south rim indicate that increased basal melting was also responsible 

(Bingham, 1967).

No observations were possible in 1967, but by July 1968 most of the 

glacier ice along the south and southeast rim had melted. This melting 

was associated with thermal zones 1, 2 and 3 which had developed within 

the North Crater (figs. 9 and 10). Ice no longer flowed out of the 

North Crater and the outer wall of its south rim was a jumble of ice 

blocks where ice once flowed into the caldera. The snow surface within 

the crater had dropped by as much as 40 m and now sloped inwards. Large 

areas of the west and south rims of the North Crater were devoid of 

snow, and the snow-free areas on the northwest and northeast peaks had 

also expanded.

2
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Figure 10. Oblique air photo of the North Crater taken in July, 1968. Melting of glacier 
ice along the south and southwest rim had stopped ice from flowing out of the North 
Crater. Ice within the crater sloped inward. Fumarolic activity had melted 30-40 m of 
ice leaving most of the inner south wall ice-free (TZ1). The snow surface over the 
central and southern areas dropped over 40 m in elevation leaving a conspicuous 
depression over a second major zone of thermal activity (TZ2). Comparisons of glacier 
surface elevations indicate a peak in thermal activity occurred in 1968. (Photo taken 
by Jack Wilson.)
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Conditions observed during a June 1969 overflight of the North 

Crater, appeared similar to those observed in 1968, indicating heat flow 

had peaked and perhaps had begun to slacken. By September 1971, the 

date of the next overflight, the depression overlying thermal-zone 2 had 

filled with snow, perhaps from a recent storm. However, the depression 

was reestablished by July 1972 (fig. 9), and the new 20 m-deep trough 

was flanked by large crevasses.

Heating intensified during 1973, the trough over thermal zone 2 

became V-shaped (figs. 9 and 13), and the size of the surrounding 

crevasses increased as ice collapsed into the zone of intense melting. 

Increases in thermal activity also occurred along the hut ridge where 

several fumaroles perforated the floor of the research hut, rendering it 

unusable.

Heat flux increased markedly between the summers of 1973 and 1974. 

The rate of ice loss within the North Crater (as calculated from 

photogrammetry) exceeded the previous year's rates by over 50 percent, 

with the glacier surface dropping as much as 80 m in places. About 

10  ̂m^ of ice was completely melted over thermal zone 2, creating a 

temporary 120 m-diameter lake which was photographed on a high-altitude 

flight on June 23, 1974 (figs. 9d, 13). Often choked with icebergs, the 

lake was seen and photographed during five subsequent overflights 

through September 5, 1974.

Two additional zones of thermal activity became prominent in 1974;

1969-74
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1) a 50 m-depression over thermal zone 5 in the central part of the 

crater and, 2) a 25 m-deep arcuate trough over thermal zone 4 lying

between thermal zones 2 and 5 (fig. 9).

1975-80

The crater lake over thermal zone 2 completely disappeared by June 

22, 1975 exposing two highly pressurized fumaroles near the center of 

the thermal zone (figs. 11 and 13). Also, the depression over thermal 

zone 5 had deepened and was perforated by a fumarole which emitted a 

large vapor plume (figs. 11 and 14). However, photogrammetry revealed 

an overall decline in the rate of melting, indicating crater heat flow 

was abating.

By July 1976, fumarole F5 in thermal zone 2 had become nearly in

active while fumaroles FI and F2 in thermal zone 1 had diminished in 

intensity (fig. 11). An energetically boiling mud cauldron had 

developed over fumarole F3. Fumarole temperatures, measured during 

descents onto the crater floor in 1975 and 1976, were 86°- 87°C, the 

pressure boiling point at Mount Wrangell's summit. Except for the mud

cauldron and one small acid-thermal spring on the south wall, water was

largely absent in the ice-free portions of the crater with meltwater 

draining rapidly into the ground.

Photogrammetry documented a substantial decrease in the rate of 

melting over ice-covered sectors in the crater during 1977 and 1978, 

signalling a decline in heat flow (figs. 13 and 14). Fumarolic activity
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Figure 11. Vertical air photos of the North Crater taken in (a) 1976, 
(b) 1978, (c) 1979, and (d) 1980.

(a) Crater heat flux declined after 1974 although thermal activity 
remained moderately intense. Prominent plumes from two fumaroles 
(F3 and F4) were clearly visible near the center of TZ2 in 1975 and 
1976. Ice collapsed over TZ5 in 1975 exposing another fumarole, 
F6, also visible in 1976. Fumarole F5, although active in 1975, 
was nearly quiescent in 1976 while fumaroles FI and F2 had 
appreciably diminished in intensity. Although the amount of bare 
ground increased considerably in 1976 the change was largely due to 
the exceptionally small amount of snow fall between 1975 and 1976.

(b) Despite a continuing decline in crater heat flux, by 1978 
several additional fumaroles (F7, F8, and F9) had become exposed to 
the atmosphere.

(c) By spring of 1979, another major increase in thermal heating 
was clearly underway. Ice over TZ4 disintegrated and melted by 
September 1979, submerging fumaroles in TZ2 with water.

(d) A residual lake, located in TZ5, was much enlarged by September 
1980.
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nevertheless continued in all the exposed thermal zones, and collapsing 

ice permitted several additional fumaroles to open to the atmosphere 

(fig. 11).

A major intensification of thermal activity was again underway by 

April 1979 when a crater lake formed by the collapse and melting of ice 

over thermal zone 5 was observed during an overflight of the crater. 

Subsequent overflights documented the disintegration and melting of the 

ice surrounding thermal zones 5 and 2 and overlying thermal zone 4 

(figs. 11, 12, and 14). By October 19, the lake was over 250 m in 

length, oval in shape, and surrounded by steep walls of ice. Photo

grammetric measurements indicated that the lake depth exceeded 13 m in 

places.

Much of the meltwater drained or evaporated by February 12, 1980, 

but a residual lake remained at the base of the steep ice cliffs in 

thermal zone 5 and persisted in approximately the same form through May

1980. The lake was typically filled with icebergs as the surrounding 

ice walls continued to collapse. The diameter of the residual lake 

visible on September 4, 1980 was about 80 m (fig. 11 and 12). It 

occupied a depression on the floor of the main crater with the surface 

at about 3996 m, approximately 10 m below the lip of the depression. A 

series of fumaroles extended from the east side of the lake through 

thermal zone 4 into thermal zone 2.
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Figure 12. Oblique photo of the North Crater taken on September 4, 1980, during 
the same NPAS flight that obtained the vertical photos (fig. lid). The re
sidual crater lake in TZ5 and the arcuate zone of fumaroles in the crater 
floor are clearly visible. The fumaroles lie on the lip of a depression. 
Large crevasses trace the break between the older western crater and the 
main crater. (Photo by NPAS.)
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Figure 13. Profiles of the snow surface overlying thermal zone 2 during the summers of indi
cated years. Horizontal positions are given with respect to the coordinate system used for 
computor calculation of ice-volume changes (see Appendix D2). Surveys in 1965 found the 
elevation of the snow surface to be nearly identical to 1957 elevations. At least one-half 
of the drop in elevation that occurred by 1972 is estimated to have occurred between August 
1966 and August 1968. The V-shaped trough and large crevasses in 1973 indicate ice col
lapse into the thermal zone. The flat bottom in 1974 delineates the meltwater lake in TZ2. 
After 1974 the lake disappeared and ice encroached into TZ2. The fumaroles are located 
near the center of the zone.
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Figure 14. Profiles of the snow surface overlying thermal zone 5 during the summers of indi
cated years. Horizontal positions are given with respect to the coordinate system used for 
computor calculation of ice-volume changes (see Appendix D2). The first clear indication 
of activity occurs in the 1974 profile. The ice overlying the zone disintegrated in 1979 
during the most recent surge of heat flow. A lake occupied the floor of the crater at the 
base of the steep ice wall in 1980.



The total disappearance of ice over all the major thermal zones 

limited the use of glacier calorimetry to adjacent ice-covered areas. 

Based on results from these areas and visual observations it appeared 

that, instead of decreasing after a two-year pulse, heat flow in 1981 

was at least as intense as in 1980 and may have increased in 1982. A 

brief descent was made onto the crater floor in 1982. The acridity and 

vapor flow of fumaroles was noticeably more intense than during previous 

visits. Condensation over one highly pressurized fumarole did not occur 

until about 1/2 m above the vent orifice. Heat from the fumarole pre

vented close approach but the temperature was at least 89°C.

Surficial thermal features at the North Crater reflect the 

locations of conduits from the deeper thermal system. The principal 

characteristics of the pattern of heat flow which appeared with the 

increased heating are:

1) Thermal activity is concentrated on the floor of the crater and 

along the rims of the east and south crater walls.

2) Heat flow is higher in the eastern segment of the crater than in 

the western segment.

3) Heat flow is concentrated into fumarolic conduits in an arcuate 

distribution along the floor of the eastern segment.

The dominance of thermal activity within and along the rim of the

1981-82
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North Crater, in contrast to the much milder activity exterior to the 

crater, indicates that hydrothermal convective flow is localized along 

pathways associated with the crater-forming eruptions. These conduits 

may be fractures and faults formed during explosive eruptions or 

original zones of weakness resulting from caldera collapse. In either 

case, they have provided pathways for both magmatic eruptions and the 

recent thermal activity.

Heat and Mass Transfer Model

Understanding the heat-and mass-transfer mechanisms in the region 

near and at the air-ground and ice-ground interface and in the glacier 

ice is important for the interpretation of glacier melt and other 

observations in terms of heat flow. Figures 15 and 16 present 

schematics of this region showing various possible forms of heat and 

mass transport. The upper boundary of the subsurface system coincides 

with the air-ground and ice-ground interface. Vertical faulting and 

fractures formed by caldera collapse and crater eruptions are likely 

conduits for much of the mass and energy flow. Convective flow of steam 

and water must underlie much of the North Crater to account for the 

fumarolic activity, steaming ground, rapid melting of ice, and loss of 

meltwater. Although gases are present in small amounts, nearly all of 

the mass and heat transfer between the deep-system and the near-surface 

region consists of the movement of water and steam through a permeable 

rock medium.
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Figure 15. Schematic of energy transfer at the North Crater ground-ice and ground-air 
interface. Heat supply: (1) vapor flow (steam plus dry gases) from deep system;
(2) conduction from zone of condensation to ice-ground and air-ground interface;
(3) solar radiation. Solar radiation is variable but can reach values as great as 
those shown for (1). Heat losses: (4) melting of ice and snow; (5) conduction through 
ice; (6) heating of down-flowing meltwater and condensed vapor; (7) vapor flow through 
fumarolic conduits; (8) conduction to air; (9) evaporation; and (10) eddy diffusion 
over moist ground, crater lakes, and springs; (11) radiation.
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Figure 16. Schematic of mass transfer at the North Crater ground-ice and ground-air 
Mass supply: (1) precipitation; (2) vapor from deeper system. Mass loss: (3)
flux of meltwater and (4) condensed vapor; (5) evaporation; (6) vapor flow from 
conduits.
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Figure 17 presents a generalized version of subsurface temperature 

profiles beneath the interface and in the overlying glacier ice. The 

temperature profile in the ground is similar to profiles measured in 

ice-free areas beneath transient snow covers and at the bottom edge of 

the glacier ice along the North Crater rim (Bingham, 1967; Wendler, 

1966; Motyka, unpublished data). Boiling point was usually reached 

within 2 m or less of the ground surface. The profile reflects the 

heat- and mass-transfer mechanisms in the subsurface system. Steam 

generated at depth is driven by pressure gradients through permeable 

rock. If sufficient water is present in the conduits during transport, 

then phase equilibrium between water and steam is maintained; if not, 

the steam can become superheated upon ascent. A transition zone near 

the surface is defined by a marked curvature in the temperature profile 

where much of the ascending steam is condensed with the resultant latent 

heat transported to the ground interface by vapor diffusion and thermal 

conduction. The depth to the boiling point depends on the steam flow 

from below, the thermal conductivity of the soil, atmospheric condi

tions, and the amount of meltwater. If steam flow is great enough, then 

pressurized flow will extend to the surface and a fumarole will develop.

The amount of water stored at any time in any specific subsurface 

location is dependent on the rates of melting and local permeability. 

If the rate of infiltration from above exceeds the rate of gravity 

drainage from below, waters will accumulate resulting in localized 

perched hot-water reservoirs. The surface expressions of such 

situations are the temporary crater lakes, thermal springs, and boiling
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z
Figure 17. Generalized temperature profiles for the North Crater.

the boiling point temperature generally lies within several meters 
or less of the interface. Temperature profiles in the ice are 
governed by surface temperature, T , ice thickness, D, and melt- 
rate, v . sm
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mud cauldrons observed in the North Crater. In these cases, the perched 

reservoirs heated by large amounts of steam display convective overturn 

as shown schematically in figures 15 and 16. Perched boiling hot-water 

zones can also develop deeper in the system, above regions of restricted 

permeability.

Heat Flux from Glacier Calorimetry

The presence of glacier ice provides a means to monitor changes in

volcanic heat flow at the North Crater and elsewhere at the summit of 

Mount Wrangell. The geothermal heat flux which arrives at the base of 

the glacier interacts with the overlying ice in three ways. Part of it 

is used to raise the ice temperature to the melting point, part is used

to transform ice into water, and part is conducted through the ice and

lost to the atmosphere. The rate at which ice is being melted by 

volcanic heat can be determined through a study of glacier balance. The 

amount of ice melted in turn provides a long-term calorimetric measure 

of the heat escaping from the crater.

The heat flux, *q at any depth in the ice is given by

*, o -K.OT/dz) -px.I,, y tLfvm , (1)

where T is the temperature measured relative to the melting temperature, 

is the thermal conductivity of the ice, p  ̂  is its density, C^ is its 

specific heat capacity, and is the latent heat of fusion. The
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coordinate system has its origin at the ice-rock interface with the

positive directions of Z and *q upward (fig. 17). The ice velocity

along the Z-axis is -v , where v is the melt-rate. The first term in m m
equation (1) is the conductive transport of heat, the second term is the 

convective transport of the sensible heat required to raise the ice 

temperature to the melting point, and the third is the latent heat 

required to melt the ice.

At the ice-rock interface where T = 0, equation (1) reduces to

where the subscript o implies evaluation at Z = 0. Glacier calorimetry

thus reduces to determining the basal conductive heat flux,

- K. (dT/dZ) , and the melt-rate. The former can be determined by 1 0  J
solving the heat equation

where v is the vertical ice velocity and a one-dimension approach is 

assumed to be valid. If is taken to be constant and -v = v^, the

melt-rate, equation (3) reduces to

(2)

_d_ [K. (dT/dZ) - f>±C ±vT\ - jSUk OT/dt) = 0 , (3)

k.(d2T/dZ2) + v (dT/dZ) - dT/^t = 0 l m (4)
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where = K^/j^Ck is the thermal diffusivity. The boundary conditions 

are T = 0 at Z = 0 and T = T^ at Z = D, where Tg is the temperature at 

the top surface of the ice, and D is the ice thickness.

The steady-state case in which dT/^t = 0 and changes in ice 

thickness are neglected is considered first. Solution of equation (4) 

gives,

T* = (1 - e-PZ*)/(l - e_P), (5)

where T* = T/Ts and Z* = Z/D and P is the Peclet number defined by

P = (vmD)/k.. (6)

The Peclet number is a measure of the ratio of convective to conductives 

heat transport through the ice. The dependence of T* on P is shown in 

figure 18a. The basal conductive heat flux, - (dT/dZ)Q, can be found 

from equation (5). Equation (2) then becomes

Equation (7) is the basis of steady-state glacier calorimetry. For

large Peclet numbers the first term reduces to >̂— C  .C.T v which is 6 f  l l s m
the heat used in warming the ice from its surface temperature Tg, to the 

melting point. At Mount Wrangell where Tg = -20°C, the ratio of the 

latent heat term to the first term for the case of large P is
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Figure 18. Temperatures in a sheet of ice undergoing basal melt. Horizontal and vertical axis are 
given in terms of dimensionless units T* = T/T and Z* = Z/Z where the subscript s refers to 
surface conditions, a) Steady-state temperature profiles for various values of P, the ratio of 
convective to diffusive heat transfer in the ice. b) Transient temperature profile, for a
step increase,Av , in melt-rate after a time, At, has elapsed. T^ is the initial steady-state 
profile. The change is shown as equivalent to shifting the origin upwards along the Z-axis with 
steady-state temperature profile above the basal layers remaining essentially unchanged.
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Lf^iTsrV'^‘ F°r sma-*-̂er values °f P> the terms in equation (7) can 
become comparable because the amount of heat lost to the atmosphere by 

conduction through the upper surface of the ice becomes significant. 

This trend is reflected in the denominator of the first term and is also 

evident from inspection of temperature gradients in figure 18a. Table 1 

gives the Peclet number for a 100 m ice thickness and for melt-rates 

ranging from 0.5 to 10 ra/yr, conditions similar to those at the North 

Crater. Peclet numbers for the nearly steady-state situation of the 

North Crater before 1965 were on the order of 1 to 2. After 1965, 

Peclet numbers were usually 2  5.

Table 1. Peclet numbers for various melt-rates and ice thickness of 
100 m.

v , m/yr Pm

0.5 1.3
1 2 . 6
2 5.3
5 13.2
10 26.3

Equation (7) is valid only in the steady-state case in which D, v^

and T are constant. However, this restriction on D can be relaxed for s
large P because then the dependence of *q^ on P vanishes, and since *qQ 

depends on D only through P, it becomes independent of D.

Equation (7) can be generalized for a non-steady v^ if the Peclet 

number is large. The principle effect of increased melting is to bring 

colder ice more rapidly to the ice-ground interface thereby increasing
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the conductive heat flux into the ice, with most of this flux going 

directly to bringing the ice in the basal layers to the melting point. 

If the melt-rate changes from the value v^ to v^ tAv^, a correction 

term for the increased heat flux,

can be added to the right side of equation (7). Tq is the mean

temperature of the ice from Z = 0 to Z A v  At, where At is the timem
interval between measurement periods.

This correction is illustrated in figure 18b. The effect of a 

large and rapid change in melt-rate,& v̂ , is equivalent to raising the 

ground-ice interface a distance A  vmAt along the previous steady-state 

temperature profile, with temperatures above this point being 

essentially locked in. The net increase in conductive heat flux repre

sented by the first term in equation (8) is the heat required to bring 

the ice in the basal layer to the melting point as shown by the shaded 

area in figure 18b. The total heat flux in the transient case is then 

approximately

For large initial steady-state Peclet numbers equation (9) becomes exact 

and reduced to

(8)

*q„ (v +Av ) ( p . L.) - v (p.C.T )/(l - e P) o m m j i f  m r  i 1 s

(9)
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X  '  (v» +^ v»> (/ i Lf - f i V s *  <10>

Equation (9) is applicable to the North Crater situation if the 

temperature profile can indeed be considered locked into the ice as 

implied by figure 18b. This is approximately valid if the diffusive 

length scale, given b y ^ ^ A  t) 2 whereat is the time between 

measurements, is less than (v^ + A vJ d t ,  the amount of ice melted 
2between measurements. For k. = 36 m /yr andAt~l yr, the diffusive 

length is about 6 m, the same magnitude as the melt-rates. The 

approximation therefore appears reasonable, since the correction 

A v^ (^.|CjTo) in equation (9) is typically only 10 percent or less of 

the latent heat term.

The glacier calorimeter is a highly interactive measuring instru

ment as can be seen by examining two important thermal aspects of the 

downward percolation of meltwater into permeable rock below ice-covered 

areas. The first has a more immediate and continuous effect: the

waters can extract heat from the ascending steam and from the country 

rock as it flows downwards. If enough heat is added to raise the water 

temperature to the boiling point the increase in enthalpy of the waters 

(0.36 x 10̂  J/kg for atmospheric pressures) would be comparable to the 

heat required to melt a similar mass of ice at the surface. Thus, 

instead of being lost at the North Crater surface, a large fraction of 

the ascending heat (up to one-half) can be absorbed by the meltwaters 

and retained in the subsurface system or advected laterally away from 

the North Crater. In the absence of ice this heat is lost directly from
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the North Crater surface to the atmosphere.

The second aspect is that meltwater can accumulate deeper in the 

system over the heat source, increase the hydrostatic pressure, and 

thereby temporarily reduce the vapor flux. Because time would be 

required for the water to percolate downward and accumulate, the effects 

of this accumulation would be delayed at the surface.

The availability of glacier ice and the meltwater derived from it, 

differentiate the North Crater from most other hydrothermally active 

volcanic craters. In most other volcanic systems precipitation falls 

throughout the year and is flushed through and from the system on an 

ongoing basis. At the summit of Mount Wrangell, however, the precipita

tion is captured and stored as glacier ice. When increases in geo

thermal heating occur, this stored mass of ice becomes a continuous 

source of meltwater in potentially large amounts. Massive influxes of 

glacier meltwater into the subsurface region must have exerted a strong 

influence on the overall thermal regime of the crater’s hydrothermal 

system. Indeed, the recurrent quenching of a subsurface vapor phase by 

meltwater infiltration is a prime candidate for explaining the fluctua

tions in hydrothermal activity observed at the North Crater between 1966 

and 1980.

Glacier Calorimetry - Methodology

Ice and snow have been used for estimating heat flow elsewhere [at 

Yellowstone National park (White, 1969), Grimsvotn, Iceland (Bjornsson,
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1974, 1975), Deception Island, Antarctica (Brecher and others, 1974), 

and on Mount Baker, Washington (Frank and others, 1977)]. However, the 

technique can be applied more advantageously at the summit of Mount 

Wrangell because it lies in the dry-snow facies of glaciers analogous to 

the higher parts of Greenland and Antarctica (Benson, 1962, 1967; 

Weidick, 1975), The mean annual temperature at the summit of Mount 

Wrangell is -20°C, the rate of annual accumulation is 1 to 1.5 m water 

equivalent, and essentially no melting occurs other than by geothermal 

heat. Thus, the ice-filled craters and caldera act as natural 

calorimeters in which changes in volcanic heat flux produce direct 

changes in the ice volume.

Estimating heat losses using glacier calorimetry is essentially a 

matter of determining the rate of melting at the base of the glacier and 

the conductive flux of heat into the overlying ice. Direct measurements 

of basal melting are limited to the margins and headwalls of glaciers. 

On Mount Wrangell such measurements were impractical because of 

inaccessibility and hazardous conditions. The basal-mass fluxes are 

therefore largely inferred from the changes in the height of glacier 

surfaces as determined by photogrammetry and geodetic survey.

The height of a glacier surface at any point (x,y) is given by, 

Zs(t) ■ Zo + vsat (11)
where
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Zq = initial height at t = 0.

Here vg is the rate of change in height of the glacier surface, 

is the rate of accumulation, is the rate of snow compaction, v^ is 

the vertical velocity due to horizontal advection (increases positive, 

decreases negative), and v^ is the rate of basal melting. Over short 

time periods (less than a year) transient variations in accumulation and 

compaction can cause corresponding fluctuations in the height of the 

glacier surface. If the glacier surface remains at a constant elevation 

when averaged over several years or more a state of equilibrium must 

exist with the changes due to ice flux, basal melting, and compaction 

being balanced by accumulation:

Long term changes in Zg, however, indicate that there is a lack of 

balance between the terms on the right side of equation (13). At Mount 

Wrangell, the changes in glacier surface height are primarily related to 

changes in basal melting:

(14)
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where

and v\s> vd, and v^ are respectively the average rates of accumulation, 

compaction, and lateral advection during the time period At. Determin

ing the basal melt rate (and subsequently the basal heat flux) thus re

quires the proper evaluation of the various terms in equation (14).

Basal-melt rates estimated for a vertical column of ice from 

equation (14) are subject to large uncertainties because of the random 

error associated with individual photogrammetric measurements and 

because of variability of snow accumulation with position. Furthermore, 

the horizontal velocity fields are not known in enough detail to allow 

accurate estimates of the local net horizontal flux, v .̂ By examining a 

larger area of the glacier, however, area-averaged snow accumulations 

and horizontal fluxes can be used and the effects of random errors in 

the photogrammetric measurements can be substantially reduced.

In determining basal melt over large areas the following 

generalized version of equation (14) is used

(15)

or

(16)
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where A^ is the horizontal surface bounding the volume of interest, Vg

is the net volume change per unit time (positive for increases, negative

changes per unit time attributable to basal melting, accumulation, 

compaction, and horizontal advection.

The corresponding water-equivalent basal melt-rate is determined by 

averaging the basal ice density,^?, for the area of interest. The total 

rate of subsurface heat discharge over the area is evaluated by 

integrating equation (2):

where *Q^ is the heat loss through conductive heating of the overlying 

ice.

It must be stressed that equations (12) and (16) are volume balance 

rather than mass balances. For short term changes (i.e., ̂  1 year) the 

analysis must be done in term of volumes because changes in surface 

elevation cannot be unequivocally related to changes in basal melting; 

changes in accumulation, ice flux and compaction must also all be 

considered.

The changes in the glacier surfaces at Mount Wrangell's summit were 

determined almost exclusively through photogrammetry. Although glacier

for decreases), and V , V. , V and V, are respectively the volume m is d t> r J

(17)

Photogrammetry

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

surface elevations can be monitored precisely and accurately by geodetic 

surveys, such surveys are time-consuming, costly and logistically diffi

cult to implement, especially in remote regions such as the Wrangell 

Mountains. As an alternative, photogrammetry offered distinct advant

ages because topography can be measured over broad areas in great detail 

more efficiently and cheaper than could possibly be done by theodolite 

survey. In addition, through the use of modern photogrammetric instru

mentation, topographic data can be automatically digitized allowing con

venient computer calculation of volumetric changes. Appendix C provides 

a summary of photogrammetry available for Mount Wrangell. The appendix 

also includes discussions of methods used in constructing topographic 

maps and in digitizing the profiles of the glacier surfaces.

Elevations of glacier surfaces at the summit of Mount Wrangell were 

determined on an approximately annual basis beginning with 1972. The 

yearly period was selected to help dilute the effects of measurement 

uncertainties when determining changes in surface elevations. Other 

limiting constraints were the costs in time and money of monitoring the 

glacier surfaces. Furthermore, field work was necessarily restricted to 

summer months because of the cold climatic conditions that prevail at 

these high elevations and latitudes during the remainder of the year. A 

drawback of the annual period is that the onset or cessation of long

term activity occurring within the period cannot be clearly resolved 

unless some other documentation— such as additional aerial observations 

during the interval— is available. Furthermore, short-term fluctuations 

occurring between measurements can go completely unnoticed or be
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insufficiently documented. The benefit of the annual period between 

measurements is that such short-term transient effects tend to average, 

making long-term trends more discernable.

Topographic maps of the North Crater for 1957 and 1972 through 1982 

and of the East and West Craters for 1978 and 1980 were constructed at a 

scale of 1:2,000 with a contour interval of five meters by North Pacific 

Aerial Surveys (NPAS), Inc., under contract to the Geophysical Insti

tute, University of Alaska and are available for nominal fee on request. 

Ground-based surveys of the North Crater in 1961 and 1965-66 (Bingham, 

1967), although not as detailed as the photogrammetric maps, provide a 

degree of continuity between 1957 and 1972. A map of the entire summit 

caldera constructed from 1975 photography at a scale of 1:10,000 with a 

contour interval of 10 m is also available. Digitized elevation pro

files of the snow and ground surfaces were obtained for all years of 

photogrammetric coverage of the North Crater and for selected years of 

coverage of the West and East Craters (Appendix C).

Details of the accuracy and precision of the photogrammetric data 

are discussed in Appendix C. Table C-l, Appendix C summarizes the 

estimated accuracy of photogrammetry for the summit craters and caldera 

based on personal communication with NPAS and on checks using ground- 

based theodolite surveys. Accuracies are best for the interior of the 

craters and their immediate vicinity, generally diminishing away from 

photo-control points. For the North Crater the combined systematic and 

random errors associated with an individual photogrammetric measurement 

range from 0.5 to 1.0 m for the years 1975 to 1980, and are 1.5 m for
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1974, 3 m for 1972 and 1973, and 4 m for 1957.

Ice Volume Changes

In addition to analyzing total ice loss within the crater, several 

sub-areas are examined because of their importance in resolving 

fluctuations in heat flow and in providing estimates of fumarolic power. 

The boundaries of all the areas used for calculating ice volume changes 

are defined in Appendix D2. The boundaries of the sub-areas are shown 

in figure 19. The results of the analyses are provided in tables 

corresponding to the respective areas of interest:

Ice-Covered Interior Table 2

Area A - Table 3

Area B - Table 4

Thermal Zone Two - Table 5

Thermal Zone Five - Table 6

Ice-Covered Exterior _ Table 7

Areas

Interior

The interior is the area enclosed by the crest of the crater rim. 

Calculations of ice volume changes within the crater were restricted to
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Figure 19. 1979 photo of the North Crater showing the location of
benchmarks; coordinate system; profiles shown in figures 13 and 14; 
and the approximate boundaries of subareas used in ice volume 
calculations. The coordinate positions of these boundaries and the 
interior and exterior areas are given in Appendix D2. Thermal zone 
2 (TZ2) and thermal zone 5 (TZ2) are areas of intense fumarolic 
activity. Areas A and B are more quiescent regions of the crater 
not directly affected by fumarolic activity.
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Table ?. Ice volume changes and basal melting, North Crater, ice-covered interior. All volumes a

Period 
Area( 1 )

8-68 7-1

Accumulation

acial cavities

basal ice density
0.90 0.89 0.8

Loss m/m /vr

‘Relative uncertainty for total volume change between 1

n.81 0 .8

1.41 1 .21 2.34
2.24
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Table 3. Tee volune changes and basal melting, 

7-65 7-17-72

North Crater, 8,800 m". All volumes are in mil lit>ns of cubic meters.
1-18-79

1 . Net Volume
0.08 -0.29 -0.10 -0.29 -0.03 -0.19 -0.08 -0.01 -0.05 -0.09

2. Accumulat ion 0.67 0.44 0.07 0.08 0.08 o .n 0.06 0.03 0.14 1.18
3. Ice flux -0.04 -0.17 -0.05 -0.04 -0.04
4. Compaction -0.32 -0.25 -0.04 -0.03 -0.03 -0.03 -0.03 -0.03 -0.03 -0.03
5. Subglncinl cavities -- -- -- - -

6. Basal melt -0.24 -0.09 -0.28 -0.03 -0. 10 -0.06 -(1.03 -0 .1 , -0.12

7. Est. relative
uncertainty(7) - 190 47 225 35 61 1 7 3 27 24

8. Av. basal ice density 
(t/m ) (1.81 0.81 0.70 0.78 0.76 0.75 0.73 0.7, 0.70 0.69

P. Uater equiv. 
volume n.„ 0.07 0.22 0.02 0.08 0.05 0.02 0.07 0.08

10. Per annum 0.024 0.04 0.07 0.21 0.02 0.09 0.04 0.02 0.08 0.08
1 1 . I.oss m/m'/yr 0.4 0.7 1.2 3.6 0.3 1.5 0.7 0.3 1.3 1.4
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Table 4. Ice volume changes an 

8-68

basal melting North B, 55,50r m . All volumes are n ml 11 Ions o
8-27-78
8-18-79

8-18-79
9-4-80

1. Net Volume 
Change -0.61 -0.61 -0.23 -0.43 -0.24 -0.30 -0.15 -0.09 -0.13 -0.25

2. Accumulation 0.16 0.32 0.08 0.08 0.08 0.00 0.06 0.03 0.13 0.1 1
3. Ice Flux -0.02 -0.14 -0.05 -0.05 -0.05 -0.05 -0.05 -0.04 -0.04 -0.04
4. Compaction -0.08 -0.14 -0.04 -0.04 -0.04 -0.03 -0.04 -0.04 -0.04 -0.04
5. Subglacial cavities - “ -

6. Basal melt -0.67 -0.57 -0.22 -0.42 -0.23 -0.22 -0.12 -0.04 -0.18 -0.28
7. Est. relative 

uncertain.(%) (26 - r 58 27 24 13 26 52 17 12

8. Av. basal ice density 
(t/m3) 0.90 0.89 0.87 0.85 0.84 0.82 0.81 n.Ri 0.79 0.79

9. Water equiv. 
volume 0.60 0.51 0.19 0.36 0.19 0.18 0.10 0.03 0.14 0.2?

10. Per annum 0.30 0.13 0.19 0.34 0.19 0.21 0.09 0.03 0.15 0.21

1 1 . Loss m/m2/yr 5.4 2.3 3.4 6.1 3.4 3.7 1.7 0.5 2.6 3.8
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Tahle S. Tee volume changes and basal melt ing, North Prater, thermal zone 2, 24, 00 m . All volumes a e In millions of cuhic

rericd
8-66
8-68

8-68 7-17-72 7-24-73 8-14-74 8-22-75 7-8-76 7-28-77 8-27-78 B-18-79

1. Net Volume 
Change 0.78 -0.78 -0.48 -1.35 +0.13 +0.04 +0.02 +0.03 -0.05 -0.09

2. Accumulation 0.07 0.14 0.04 0.04 0.00 0.02 0.02 0.01 0.06 0.05
3. Tee flux 0.33 0.74 0.33 0.29 0.26 0.20 0.15 0.14 0.12 0.1 1
*. Compaction 0.03 0.07 0.02 - -
5. Subglacial cavities -0.13 0.06 0.06 -

6. nasal melt 1.14 -1.71 -0.76 -1.62 -0.17 -0.16 -0.15 -0.13 -0.22 -0.25
7. Est. relative 

uncertain.(%) (8)a 114 - - __
8. Av. basal ice density 

(t/m ) 0.90 0.90 0.87 0.70 0.66 0.64 0.63 0.62 0.60 0.59

9. Water equiv. 
volume 1.03 1.54 0.66 1.13 0.12 0.10 0.10 0.08 0.13 0.15

10. Per annum 0.52 0.39 0.65 1.07 0.11 0.12 0.09 0.07 0.1* 0.1*
1 1 . Loss m/m‘'/yr 21 Ift 27 44 4.5 4.7 3.8 3.0 3.6 5.8

Relative uncertainty for total volume change between 1966 and 1972.
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Table ft. Ice volume changes amd basal melting, North Crater, thermal zone 5, Ml volumes arc in millions of cubic

I. Net Volume
Change -2.73 -0.60 -0.98 -0.48 -0.44 -0.08 -0.17 -0.99 -1.00

2. Accumulation 0.43 0.07 0.07 0.07 0.00 0.05 0.03 0.11 0.10

3. Ice flux -0.12 o.on 0.16 0.24 0.22 0.20 0.20 0.19 0.19
4. Compaction -0.24 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 -0.02 -
5. Subglacial cavities - -0.11 +0.03 +0.03 0.16 -

6. Basal melt -2.8? -0.74 -1.28 -0.72 -0.59 -0.29 -0.36 -1.12 -1 .29
7. Est. relative 

uncertaint.(%) 7 19 10 8 5 ,3 10 3 3
8. Av. basal ice density 

(t/m ) 0.90 0.89 0.88 0.86 0.82 0.78 0.77 0.70 0.70

9. Water equiv.
volume 2.54 0.66 1 .2 0.62 0.48 0.2? 0.28 0.78 0.90

10. Ter annum 0.42 0.64 1.06 0.61 0.55 0.2, 0.26 0.80 0.86

1 1. boss m/m̂ -yr 8.4 13.0 21.4 12.3 1 1 . 1 4.3 5.2 16.2 17.3
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Table 7. Ice volume changes and basal melting, North Crater, ice-covered 
exterior, 1.68 x 10 m̂ . All volumes are in millions of cubic meters.

8-66 to 9-4-80

1. Net volume change 11.89

2. Accumulation a

3. Ice flux -2.50b

4. Compaction a

5. Subglacial cavities - -

6. Basal melt 9.39C

7. Estimated relative uncertainty 54%

8.
3

Average basal ice density t/m 0.91

9. Water equivalent volume 8.54

10. Per annum 0.61

1 1. Loss m/m^/yr 0.36

12. Equivalent heat flow, MW 7.3

13. 2Average heat flux, W/m 4.4

^Accumulation assumed equal to ice flux and pre-1966 basal melt.
Correction for loss of ice flux from interior North Crater. 
CNon-equilibrium basal melt.
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areas covered by glacier ice. Concentrating on the glacier-covered 

areas increased the "signal to noise" ratio (i.e., ice melt vs. operator 

and instrument error), thus reducing the effects of errors. Further

more, uncertainties associated with the accumulation and melting of snow

fall in glacier-free areas did not need to be considered and any 

systematic error over these areas could be excluded. The coordinate 

boundaries of the interior and of the glacier-covered area, as used in 

the computer analyses, are given in Appendix D2.

The North Crater rim encloses an area of about 0.50 x 10^m^, almost 

all of which was covered with ice prior to 1966. The area covered by 

glacier ice gradually diminished with the increased heating and by the 

summer of 1974 the ice-covered area had decreased to 0.33 x 10^m^. The 

glacier-covered area remained substantially the same from 1974 through 

1979, although the area of snow-free ground fluctuated, depending on the 

amount of annual snowfall.

Areas A and B

Two sub-areas, selected for special study within the North Crater
3 2are identified in figure 19. Area A (58.5 x 10 m ) is separated from 

3 2Area B (55.5 x 10 m ) by the almost continuous arcuate crevasse system 

which extends from bench mark 3 (BM3) to the northwest peak on the rim 

of the crater. The eastern and southern boundaries of Area B lie near 

the edge of the arcuate zone of fumarolic heating located on the crater 

floor. The crevasse system is visible on all vertical photography
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beginning with 1972, and appears to mark the break in bedrock slope 

between older and younger parts of the double crater.

These internal sub-areas were selected for examination because 1) 

they have been continuously covered by ice throughout the entire 

photogrammetric record, 2) they are especially well suited for accurate 

photogrammetric analysis because of better surface definition and prox

imity to photo control points, 3) snow accumulation and glacier flow 

were better known for these areas than for others and 4) although they 

are adjacent, they are structurally distinct, thus offering the op

portunity to compare the effects of structural control on heating 

trends.

Fumaroles

The two other sub-areas examined within the North Crater contain 

thermal zones 2 and 5 (fig. 19). The bounded areas are respectively 
225,000 and 50,000 m . These areas were chosen in order to estimate the 

average annual heat flow emanating from major fumaroles within the 

crater. Fumaroles account for much, if not most, of the energy 

presently being dissipated from the North Crater.

Exterior

The area exterior to the North Crater that could be examined was 

limited by the photogrammetric coverage. Calculations were restricted
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to the region extending outward from the glacier-covered flanks of the 

crater to the limit of overlapping photogrammetric coverage for the 

years 1957 and 1980 as defined in Appendix D2.

Net Changes in Volume

The digitized photogrammetric surface profiles allowed a simple and 

convenient method of computing the net change in volume. Examples of 

the digitized surface profiles obtained for each of the three summit 

craters are shown in figures 13, 14, 30, 31, 32, and 35. For the North 

and East Craters the profiles are taken in an east to west direction. 

This direction was chosen as the X-axis for the local coordinate systems 

established for each of the two craters (figs. 20 and 34). For the West 

Crater, the X-axis was chosen parallel to the long axis of the crater. 

The profiles there were taken in a northeast to southwest direction 

(fig. 20). The number and spacing of points chosen along each profile 

were generally more than sufficient to insure accurate representation of 

the surface. The spacing of profiles along the Y-axis is 20 m for the 

North Crater and 50 m for the West and East Craters.

The data were processed by a computer program which integrated the 

area beneath each specific profile to an arbitrarily chosen base eleva

tion. The end points of the profile were set by boundaries appropriate 

for the specific regions of interest. The process was repeated for each 

profile within the region. The areas beneath the profiles were then 

summed and multiplied by the interval width between the profiles to
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Figure 20. Coordinate systems at the North and West Craters. The 
x-axis for the North Crater was taken parallel to the east-west 
direction; the x-axis for the West Crater was chosen parallel to 
the long axis of the crater. Lines NCI and NC2 are tha locations 
of profiles shown in figures 13 and 14. Lines WC4, WC5 and WC6 are 
the locations of profiles shown in figures 30, 31, and 32.
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obtain the volume between the surface and the arbitrary base level. The 

interpolation and integration schemes used for calculating the volumes 

are discussed in Appendix D1.

In Appendix D1 it is shown that the effects of random errors can 

usually be neglected when compared to the systematic errors and that the 

uncertainty in volume calculations, Cf(W), is

where is the systematic error in vertical position and A^ is the 

horizontal area of the surface being evaluated.

For volume fluxes, the uncertainty of volume differences can be 

determined by using the equation,

Here, (5̂ can be considered random uncertainties because they are derived 

from independent photogrammetric models.

For the period 1972 to 1980, the photogrammetric records were used 

to determine the net volumetric changes (row 1 of the respective ice 

volume tables). Glacier surveys in 1965 and 1966 (Bingham, 1967) show 

that the height of the snow surface in these years although slightly 

higher, did not differ substantially from the 1957 snow surface. Thus 

the large volume changes determined by comparing 1957 to 1972 

photogrammetry occurred primarily between 1966 and 1972, and 1957 

photogrammetry, adjusted for the slight elevation changes can be used

<T(W) = * Ah (18)

(19)
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for 1966. By comparing 1957 photogrammetry with 1961 and 1965 glacier 

surveys by Benson (unpublished data) and Bingham (1967), a 2-5 m 

increase was found to have occurred in the height of the snow surface 

over approximately the central two-thirds of the crater. The overall 

net increase in volume between 1957 and 1965 is estimated at 1.3 x 10̂
3m . Surveys of the glacier surface between 1965 and 1966 showed a one 

to two meter thinning of snow and ice along the inner west rim of the 

crater below the hut while oblique photos indicate thinning of 5-10 m 

along the crater's south rim (Bingham, 1967). The resulting volume loss 

is estimated at about 0.3 x 10̂  m^ for the entire North Crater for

1965-66. The net volume change for 1957-66 is then ̂ 1.0 x 10̂  m .̂

Although 1966-72 is a long period without vertical photogrammetric 

coverage, oblique aerial photos indicate that at least one-half of the 

total volume loss between 1966 and 1972 occurred between August 1966 and 

August 1968. This conclusion is based on inspection of figure 10 which 

shows that ice along the south rim slopes inward towards a depression 

which approximately overlies thermal zone 2. The crevasse surrounding 

the depression indicates this slope is quite steep. In 1966 the 

elevation of the ice along the south rim was~^4130 m. Based on 

Bingham's measured melt-rate, ice elevation along the ridge would have 

dropped at least 10 m (to 4120 m) by August 1968. The elevation of the 

ice surface above thermal zone 2 in 1966 was 4160 m. Because the ice 

sloped inward in August 1968, by this time the ice over thermal zone 2 

must have dropped more than 40 m of the total 72 m which was determined 

photogrammetrically by comparing 1966 with 1972 (cf. fig. 13).
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The volume changes which appear in tables 2, 4, and 5 for the 

interior, area B and thermal zone 2 respectively, for the periods

1966-68 and 1968-72 were estimated by ascribing a minimum of one half of 

the total 1966-1972 photogrammetrically determined volume change to

1966-68 and one-half to 1968-72. The west region (area A) and the area 

around thermal zone 5 were not clearly visible in the 1968 photographs 

and no volume differentiation for the period 1966-72 was made for these 

two areas.

Comparison of 1966 surveyed elevations to 1957 photogrammetry 

showed the snow surface exterior to the North Crater had changed less 

than 1 m so that, for the purpose of this analysis, the elevation was 

assumed to remain constant during this interval. Net volume changes 

were computated only for the total change between 1966 and 1980 (table 

7).

Accumulation

Annual accumulations in the North and East Craters and in the 

caldera have been determined by snow pit studies and measurements at 

accumulation stakes (Wharton, 1966; Benson, 1963; Benson, unpublished 

data). These observations have shown that annual accumulations vary 

widely with both position and time. Thus, when changes in glacier 

surface elevations are compared for two different time intervals, 

differences in accumulation during the respective intervals must be 

taken into account. For example, in the west-central part of the North
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Crater, net annual accumulation has ranged from zero in 1975-76 to 3 m 

water-equivalent in 1961-62. As an example of positional variation in 

accumulation, between 1965 and 1975 only 0.094 m water equivalent per 

year occurred at stake S-64 while the west-central area had an average 

accumulation gain of 0.5 m water-equivalent per year. Prior to 1966, 

the average accumulation at S-64, as determined from snow pit studies, 

was 0.5 water-equivalent per year.

Estimates of net accumulation for each period over each area are 

given in row 2 of the respective tables 2 to 7; details are discussed in 

Appendix D3.

Compaction

The average rate of snow compaction, v^ can be estimated using the 

following equation:

\i- 7is~is W P o  - <20>

Here, "v^ and are respectively the average rate of snow

accumulation and the average density of this snow accumulation, and 

andp ^  are respectively the densities of snow at the top and bottom of a 

column of snow and ice. This compaction equation can be used because 

the summit of Mount Wrangell lies within the dry-snow facies and, in 

such regions, densification of snow is a function of loading only 

(Benson, 1962; Bingham, 1967). Compaction volumes (given in row 4 of
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tables 2 through 7) were estimated using equation (20). Snow densities
3at the surface were assumed to be 0.35 t/m . Density vs. depth for snow 

at the summit of Mount Wrangell has been determined for only the top 20 

m of snow (Wharton, 1966). However, the change in density with depth 

for these first 20 m is about the same as determined by Benson (1962) 

for snow in the central part of the Greenland ice cap. Therefore, 

Benson's average density vs. depth curves for Greenland snow down to 

170 m were used to estimatey^ at the North Crater (fig. 21). Snow-ice 

column depths were estimated from the photogrammetric data.

Compaction estimates are probably accurate to within ± 5 percent 

and, in most cases, are a small fraction of other volumetric changes. 

Because similar assumptions were made in all compaction estimates, any 

errors introduced would tend to be systematic and cancel out when 

changes between successive periods are compared. Compaction obviously 

ceases to play a role in those areas where ice was completely melted 

between dates of photogrammetry.

Ice Flux

The volumetric rate of change in horizontal ice flux must be 

compensated by a comparable change in the vertical dimension. This rate 

of change of surface elevation per unit area of vertical column of ice 

and snow is given by integrating the divergence of the horizontal 

velocity vector over the column. With melting conditions at the base of 

the column and cold ice overlying the basal ice layers, horizontal
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motion probably occurs as a result of basal sliding and plastic deforma

tion in the bottom layer. Under such conditions, horizontal flow would 

be the same for most of the vertical column so that the component of 

surface velocity attributable to horizontal ice flux is

* ») Zs (21)

Evaluation of v^ thus requires determination of the horizontal 

velocity field and ice thickness, Zg. A decreasing horizontal velocity 

causes a corresponding thickening of the ice column and vice versa.

Estimates of the net volumetric changes caused by ice flow within 

the various areas are summarized in row 3 of the respective tables 2 to

7. Ice thicknesses were determined or estimated from photogrammetry; 

surveys of motion stakes provided data on glacier velocities. Details 

are discussed in Appendix D4.

Subglacial Cavities

Complications can arise when localized areas of high heat flow, 

such as fumaroles, generate subglacial cavities. Subglacial cavities 

pose two interpretational problems for estimating total basal melt from 

equation (16): 1) the volume of the cavity during formation is not 

accounted for in photogrammetric volume analysis, thereby leading to an 

underestimate of basal melting, and 2) after ice collapses into the 

cavity, the corresponding volume is incorrectly attributed to a change
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in volume in the period in which the collapse occurs.

Direct evidence for the existence of such cavities was a 2 m high 

cavern beneath 70 m of ice observed on the crater floor in 1976. In

direct evidence of subglacial cavities is the formation of depressions 

over major fumarolic areas, the development of extensional crevasses 

around the depressions, and the collapse of ice into the thermal areas. 

The formation and size of cavities are governed by the rate of melting, 

which is a function of heat flow, and by the rate of plastic closure, 

which is a function of ice overburden. As the ice over the cavity 

thins, the structural strength of the roof of bridging ice becomes an 

additional factor.

In most cases cavity volumes are probably too small, compared to

total volume changes, for corrections to be considered. For example, a
3hemispherical cavity with a diameter of 20 m has a volume of 2,000 m , 

about 1 to 2 orders of magnitude smaller than total annual volume 

changes. Cavities greater than this size should be reflected in 

noticeable surface ice depressions. None were observed in areas A or B 

and therefore no corrections were made for these two areas. In some 

cases heat flow totally melted the ice over the zone during specific 

periods of analysis and no corrections were needed.

Examination of photogrammetry showed that thermal zones 2 and 5 

were the only areas with ice-depressions large enough and persistent 

enough to warrant corrections for subglacial cavities. The criteria 

used for estimating these corrections are discussed in Appendix D5. The 

corrections appear in row 5 of tables 2, 5, and 6. Even for these
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cases, volumes attributed to subglacial cavities are a small fraction of 

overall volume change.

Basal Melt

The resultant volume changes attributable to basal melt (row 6 of 

tables 2 through 7) were computed using equation (16). The cumulative 

uncertainties are expressed in relative terms in row 7 of the respective 

tables. The greatest uncertainties occur for the 1966-72 and 1972-73 

analyses and mainly reflect the poorer quality of photogrammetry and 

other data for this period.

To allow comparisons between periods, the respective basal melt 

volumes were converted to water equivalent units (row 9) by multiplying 

the volumes by the appropriate basal ice density (row 8) and then con

verting the volume changes to an annual basis (row 10). To allow com

parisons of basal melt between areas the results were normalized to a 

unit area (row 11). The basal ice densities used in row 8 were deter

mined by estimating the average thickness of ice remaining in the 

respective areas and referring to the depth-density curve in figure 21. 

These densities are probably accurate to ± 5 percent with any error 

systematically applied to all the estimates.

Heat Flow from Glacier Calorimetry

The steady-state model can be used to estimate the 1957-65 heat
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discharge at the North Crater for the west region. The 1957-65 balance 

analysis in table 3 for area A gives an average water equivalent basal 

melt rate of 0.47 m/yr. Assuming a pre-1965 average ice thickness in 

area A of'--’60 m and a basal ice density of 0.81 t/m^, P is^0.9 and the
2basal conductive heat flux from equations (5) and (6) is.-'l W/m . From
2equation (2) total heat flux from the subsurface is then^5 W/m . If 

similar rates of subsurface heat discharge were occurring in the center 

of the crater where pre-1965 ice depths exceeded 150 m, the basal melt 

rate would be slightly higher due to the insulating effect of the addi

tional ice. P would be greater by a factor of two because of the ice 

thickness, and more of the basal conductive heat flux would be absorbed 

by the overlying ice. The small amount of ice flowing out of the crater 

before the increased heating probably affected the thermal regime to

only a minor degree. Frictional heating generated by deformational flow
—2 2of^10 m/yr was on the order of <4.2 x 10 W/m , which is negligible in 

comparison to the geothermal conductive heat flow through the system.

The results of applying glacier calorimetry and equation (17) to 

the basal melts after 1965 are summarized in table 8. Part one of table 

8 gives the total heat loss in joules represented by the ice melted 

between the dates of photogrammetry in each of the areas analyzed. Part 

two gives the average rate at which this heat is being discharged in 

each area (average heat flow). Part three gives the area-averaged heat 

flow or heat flux.

It should be re-emphasized that for the "ice-covered interior", 

glacier calorimetry reflects the heat losses only for those areas
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covered by ice, which decreased with time. Similarly, in thermal zone 

2, heat flow values from glacier calorimetry after the 1974 melting 

episode mainly reflect the melting of ice flowing into the ice-free zone 

from the surrounding region.

Heat Losses from Temporary Crater Lakes

Estimates of heat losses from the temporary crater lakes that 

existed in thermal zones 2 and 5 can be used to augment glacier 

calorimetry. Analyses of these lake surface heat losses are given in 

Appendix D6. The results are included in the parenthetical values

appearing in table 8.

Fluctuations in Heat Discharge and Thermal Pulses

The results of the basal-melt glacier-calorimetry analysis, 

combined with the analysis of heat losses from the temporary crater 

lakes, are plotted in the series of graphs for interior North Crater and

the four sub-areas shown in figures 22, 23, 24, and 25. Taken together

the data document a fluctuating pattern of thermal activity (at least 

for ice-covered portions of the crater) characterized by a rapid 

increase in activity lasting on the order of two years, followed by a 

four-year decline in heat discharge. The peaks in thermal activity 

appear to be separated by about six years. The time resolution of the 

periods of maximum and minimum activity, and the length of each cycle,
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is limited by the dates of direct observations and photography to at 

best ± 0.5 yr. Distinct peaks in activity occurred between the summers 

of 1967-68 and 1973-74 with declines in heat flow between the summers of 

1968 and 1972, and 1974 and 1978. During 1976-78 average heat fluxes in 

some glacier-covered areas declined to pre-1966 levels. Heat flow again 

increased between the summers of 1978 and 1979 in all ice-covered 

localities with thermal activity becoming increasingly more intense 

through 1979-80. Preliminary data for 1980-81 show that the melt-rates 

in areas A and B were at least as great as the melt-rates measured for 

these areas in 1979-80. Visual observations indicate that activity sub

stantially increased during 1981-82.

Although differing in the magnitude of heat flow changes, the 

patterns of changes appear similar for each of the various ice-covered 

areas investigated. The areas chosen for detailed analysis contrast 

regions of intense activity to less active areas, and the east and west 

parts of the crater. If the patterns of heat flow changes were similar 

for these contrasting ice-covered areas of the crater, then it seems 

reasonable to assume that the fluctuations and pulses in activity also 

occurred in adjacent ice-free areas. Quantitative measurements of heat 

flow changes in ice-free areas were not usually possible and direct 

supportive evidence for this hypothesis is lacking. Qualitative visual 

observations of plume size and persistence of snowfall, although 

subjective, do suggest that activity in ice-free regions correlated with 

trends documented in ice-covered areas.
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Ice-covered Interior

The total basal melt-rate in kg/sec and the equivalent total heat 

flow in Ml'/ as determined by glacier calorimetry are plotted in figure 22 

as a function of time. These quantities, normalized to per-unit-area,
2are plotted in figure 23 as the average basal melt-rate (in kg/m -sec) 

and heat flux (in W/m2). The solid lines include ice melted over the 

thermal zones of fumarolic activity. The dashed line excludes the 

effects of this intense melting and provides a measure of heat flow in 

the less active ice-covered areas of the North Crater.

Because the total area covered by glacier ice within the crater has 

diminished with time, the heat flows determined through glacier 

calorimetry are not directly comparable. These changes must be weighed 

against the loss of glacier cover, particularly in areas of intense 

thermal activity. For example, the amount of heat discharged during 

1966-68 shown in figures 22 and 23 incorporates the rapid melting 

occurring in all of the thermal zones. By the summer of 1972, however, 

ice in thermal zones 1 and 3 (the south wall and east crater rim re

spectively) had largely disappeared. Thus, heat from these zones does 

not appear in the 1972-74 episode of increased thermal activity 

documented by glacier calorimetry and plotted in figures 22 and 23. 

Similarly, ice in thermal zone 2 had melted by the summer of 1974 so 

that heat flow after 1974, shown in figures 21 and 22, no longer in

cludes the heat discharge from thermal zone 2. Furthermore, by the 

summer of 1979, much of the ice in thermal zone 5 had melted and by 1980
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Figure 22. Heat flow and basal melt-rate vs. time for the glacier-covered regions of the 
interior of the North Crater as determined by glacier calorimetry. Dashed line ex
cludes heat flow from fumarolic areas. Time marks correspond to July 1 of each 
calendar year.
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Figure 23. Heat flux and area-averaged basal melt-rate vs. time for the glacier-covered 

regions of the interior of the North Crater as determined by glacier calorimetry. 
Dashed line excludes heat and melting in fumarolic areas. Time marks correspond to 
July 1 of each calender year.
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glacier calorimetry only applied to the less active ice-covered areas of 

the crater floor.

If it is assumed that the scale of changes in heat flow in ice-free 

areas was similar to that documented for ice-covered areas then, it 

appears that the total heat discharged during each episode of increased 

heating has increased with each successive thermal pulse.

An indication of the changes in heat flow with time in the less 

active glacier-covered areas of the crater was obtained by subtracting 

the heat flow attributable to thermal zones 2 and 5 from the total heat 

flow. This was done for each annual period between the summers of 1972 

and 1980 and is plotted as a dashed line in figures 22 and 23. The area 

below the dashed line represents heat discharged in the less active 

areas while the area between the dashed and solid lines is the heat 

discharged in the areas of intense fumarolic activity that were overlain 

by ice.

Heat flows in the less active areas, as represented by the dashed 

line, were significantly lower during the 1978-80 pulse compared to the 

1972-74 pulse. Although this decrease also occurs for the total heat 

flow represented by the solid line, the decrease in the latter case can 

be attributed to the loss of glacier calorimetry over thermal zones 2 

and 5 as discussed previously. This cannot be the case for the dashed 

line because the area of ice covering the less active zones was the same 

for both pulses. The foregoing arguments suggest that the amount of 

heat released in the less active zones during each pulse may be 

decreasing in contrast to the apparent increase per-pulse of total heat
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discharged in the zones of intense activity.

Another pattern is suggested when the proportion of energy dis

charged in the areas of intense activity is compared to that discharged 

in the more quiescent regions. During periods of increased activity a 

higher proportion of the heat is discharged through fumarolic conduits 

and that the proportion has increased significantly between the 1972-74 

and 1978-80 pulses of activity. For example, during the 1972-74 episode 

of increasing activity approximately 40 percent of the total energy loss 

determined by glacier calorimetry was discharged in thermal zones 2 and

5. Although thermal zone 2 was no longer included in the glacier 

calorimetric accounting of heat loss after the summer of 1974, the pro

portion remained high (35 percent and 30 percent for the 1974-75 and 

1975-76 respectively). The ratio dropped to 10 percent during 1976-77 

but increased rapidly thereafter with energy losses in thermal zone 5 

accounting for 40-45 percent of the total heat discharge during the 

summers of 1978 and 1980. This latter proportion must be considered a 

minimum, because much of the ice had melted out of the zone during this 

period and glacier calorimetry provides only a minimum value for total 

heat flow for thermal zone 5.

Interior Areas A and B

Areas A and B (cf. figs. 9, 11, and 19) have both been continually 

covered by ice throughout the period of this study and provide good 

examples of the magnitudes and style of heat flow changes in areas not
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directly affected by fumarolic activity. Both areas experienced the 

fluctuating behavior of thermal activity described earlier and, with 

some exceptions, the pattern of changes in area A was generally similar 

to that in area B (fig. 24). Average heat flux in area B has always 

been substantially greater than that in area A (table 9). This dif

ference in heat flux between the two areas is consistent with the 

observed concentration of intense activity in the younger, eastern 

segment (area B) of the crater and implies a structural control on 

thermal fluids flowing to the older and younger segments.

Fluctuations in activity between the summers of 1966 and 1972 are 

poorly resolved due to the lack of documenting photography. The average 

heat flux in area A during this period increased only slightly above the 

estimated pre-1966 heat flux level. The 1966-72 average heat flux for 

area B is nearly five times the average flux in area A during the same 

time period (fig. 24; table 9) indicating that the initial stages of 

increased heating were more intense in the younger portion of the 

crater.

During 1972-74 heat discharge in both areas increased by factors

of about 2.7 in area B and 5.0 in area A, with the ratio of heat flux in 

B to that in A dropping to 1.7. Increased heating thus began affecting 

the older portion of the crater during the second pulse of activity. A 

substantial drop in heat flux took place in area A in 1974-75, followed 

by an apparent resurgence of activity in 1975-76. This rapid and large 

fluctuation is peculiar to area A, although a similar (but much smaller) 

fluctuation also appears to have affected area B. Heat flux in both
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Figure 24. Results of glacier calorimetry applied to the Interior areas A and B of 
the North Crater. Time marks correspond to July 1 of each calender year.
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Table 9. Ratio of heat flux in area B vs. heat flux in area A as a 
function of time.

Area B/Area A Area B/Area A
Heat flux Heat flux

Period ratio Period ratio

1966-72 4.8 1976-77 2.3

1972-73 2.9 1977-78 1.6

1973-74 1.7 1978-79 2.0

1974-75 9.8 1979-80 2.8

1975-76 2.4
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areas declined during 1976-78, with heat flux for 1977-78 dropping to 

levels comparable to the estimated pre-1965 heat flux of 5 W/m^. Heat 

flux increased during 1978-80 with the magnitude of increase higher in 

area B than in area A. The 1978-80 heat fluxes in both areas, however, 

were substantially lower than the fluxes during the 1972-74 pulse of 

activity (fig. 24).

The total amounts of heat discharged during various periods 

bracketed by photogrammetry or other observational data are given in 

table 10. The dates were chosen to reflect periods of 1) increasing 

activity, 2) decreasing activity and 3) the apparent six-year cycle in 

heat-flow fluctuations. Total heat discharged from each of the two 

areas A and B during the 1978-80 period of increasing activity was about 

40 percent less than the heat discharged from the same areas during the

1972-74 pulse. The heat discharged in area B during 1972-74 also

appears to be slightly lower than that of the 1966-68 episode. In

comparison, the total heat losses in area B during the two four-year 

periods of decreasing activity are identical. In comparing total heat 

discharged over the six-year cycle, heat discharged in area A during

1972-78 was greater by a factor of two than the heat discharged during

1966-72, while heat losses in area B over these periods were of similar

magnitude.

Additional information on heat-flux changes comes from the survey 

of glacier velocity stake N-3 which survived from 1975 to 1979 (Appendix 

B). The stake is located in area A near the boundary with area B. The 

vertical ice velocity at N-3 determined from the glacier stake survey is
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Table 10. Heat losses during thermal cycles within various areas of the 
North Crater as estimated from glacier calorimetry. All values are 
in 1014 J.

Thermal Thermal
Period Area A Area B Zone 2 Zone 5

Period of increasing heat flow:

Aug. 66 - 
Aug. 68 --- 2.3 3.9 4.7

July 72 - 
Aug. 74 1.1 2.1 8.1 6.7

Aug. 78 - 
Sept. 80 0.6 1.3 — 9.1

Period of decreasing heat flow:

Aug. 68 - 
July 72 --- 1.9 5.8 4.8

Aug. 74 - 
Aug. 78 0.7 1.9 — 6.0

Six year period:

Aug. 66 - 
July 72 0.9 4.2 9.7 9.6

July 72 - 
Aug. 78 1.8 4.0 — 12.7
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given in the first row of table 11. The data were used with equations

(2) and (14) to provide an estimate of basal melt-rate and heat flux for

this locality. Compaction velocity was assumed to be 0.6 m/yr. The

vertical ice velocity attributable to ice flux (estimated by averaging

the ice flux given in table 2 over area A) was about 0.7 m/yr. Basal
3ice density was assumed to be 0.75 t/m . The second and third rows in 

table 11 give the resulting basal melt rate and equivalent heat flux. 

The magnitude of heat flux is greater than the average for area A, as 

might be expected from the stake's proximity to area B. However, the 

pattern and magnitude of changes do follow the same trends shown in 

areas A and B for this time period (fig. 24), a general decline between 

the summers of 1975 and 1978 followed by a large increase during

1978-79.

Thermal Zones 2 and 5

The evolution of thermal activity in thermal zones 2. and 5 followed 

similar trends between the summers of 1966 and 1974. The net heat 

losses from each of these zones between 1966 and 72 were nearly 

identical (table 8). In addition, both zones experienced similar 

increases in thermal activity between 1972 and 1974 (fig. 25). After 

the ice had melted from thermal zone 2 in 1974, thermal zone 5 was left 

as the only major fumarolic area which could be monitored by glacier 

calorimetry. By the summer of 1975 the ice in this zone was penetrated 

by fumaroles but enough residual ice remained so that at least minimum

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101

Table 11. Vertical ice velocities and estimated heat flux at 
North Crater.

8/23/75 6/21/76 9/3/77
Vertical velocities 6/21/76 9/3/77 8/25/78

Surface velocity, m/yr

Combined compaction and 
ice flux velocity, m/yr

Basal melt rate, m/yr

Water equivalent 
( ?̂b = 0.75 t/m )

Heat flux, W/m^

3.8 3.4 3.1

1.3 1.3 1.3

2.5 2.1 1.8

1.9 1.6 1.4

22.5 18.9 16.2

stake N-3,

8/25/78
8/21/79

4.5

1.3 

3.1

2.3 

27.9
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Figure 25. Results of glacier calorimetry applied to thermal zones 2 and 5 within the 
North Crater. Time marks correspond to July 1 of each calender year.
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estimates of heat flow using glacier calorimetry were possible into 

1980. The heat flow values in figure 25 do not include heat lost 

directly to the atmosphere, but the data indicate that thermal activity 

in thermal zone 5 followed a trend similar to that in area B, with a low 

point in activity occurring between 1976-78.

An important feature shown in figure 25 is the increased heat flow 

within thermal zone 5 in 1977-78, whereas heat flow continued to 

decrease during this same period in the less active glacier-covered 

areas. This suggests that increases in thermal activity in the less 

active ice-covered areas tend to lag slightly behind developments in the 

fumarolic areas. This lag in response could result from fumarolic 

conduits having a more direct and unimpeded connection to the deeper 

sources of thermal activity.

Despite the continued loss of ice over thermal zone 5, the minimum 

estimates from glacier calorimetry, combined with heat losses from the 

meltwater lake, show that heat flow in thermal zone 5 during 1978-79 and

1979-80 surpassed that of 1972-73 and 1973-74 by at least 3.4 MW and

4.5 MW respectively. The estimated minimum heat flow in thermal zone 5 

during 1979-80 was 17.2 MW. Although not thoroughly documented, a 

similar trend seems to have affected thermal zone 2 during 1974-80. 

After 1974, the net volume of ice within the zone progressively 

increased through August 1978. This increase indicated that heat flux 

around the periphery of the zone was too low to offset ice flux and 

accumulation of new snow into.the zone. However, decreases in net ice 

volume occurred in both 1978-79 and 1979-80 despite the fact that in
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both of these years accumulations were substantially greater than during 

any of the previous four years. The evidence is ambiguous because the 

loss in ice volume could be attributed to the influx of meltwaters from 

thermal zone 5, which flooded thermal zone 2 during parts of the 1978-80 

period.

The apparent increases in the rate at which heat was being 

discharged from thermal zones 2 and 5 during each successive thermal 

pulse is evident from table 10. Heat discharged from thermal zone 5 

increased from 4.7 x lO1̂  J during the 1966-68 pulse to 6.7 x lO1  ̂J 

during 1972-74 and to at least 9.1 x lO1̂  J during 1978-80. Heat losses
14in thermal zone 2 increased from 3.9 x 10 J during the 1966-68 pulse 

14to at least 7.1 x 10 J during 1972-74. Net heat discharged during

periods of declining activity also appear to have increased, at least in
14thermal zone 5. A heat loss of 4.8 x 10 J occurred at thermal zone 5

14during 1968-72 while a minimum heat loss of 6.0 x 10 J occurred from 

1974 to 1978. These trends suggest that, in addition to the thermal 

fluctuations documented by glacier calorimetry, there is also a longer 

term increase in total heat being discharged at the North Crater, and 

this appears to be occurring principally through fumaroles rather than 

in the less active regions.

The Area Surrounding the North Crater

In contrast to the massive melting of ice within the North Crater, 

activity outside the crater has been relatively mild and concentrated
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mostly near the crater rim. The exterior area included in the analysis 

extends from the outer base of the North Crater rim to an outer boundary 

defined by the NPAS photogrammetric coverage common to both 1957 and 

1980 (Appendix D2). This area, although more than three times the size 

of the interior area, had a disequilibrium ice melt that was only about 

one-quarter of the total interior melt over the period 1966 to 1980. 

The heat flux represented by this disequilibrium melting averaged 
24.4 W/m (table 7). The equivalent heat discharge from the area 

averaged over 1966-80 was 7.3 MW.

Summary of Trends at North Crater

The following is a summary of the key features and trends of 

thermal activity in the North Crater as documented or suggested by the 

glacier calorimetry data:

1. Since 1966 thermal activity has exhibited a fluctuating pattern of 

behavior with peaks in heat flow having occurred in 1967-68 and

1973-74. The current pulse of thermal activity began between the 

summers of 1978 and 1979 with heat flow continuing to increase 

through the summer of 1983.

2. The onset of a thermal pulse is characterized by a rapid increase 

in heat flow occurring over an approximately two-year period. 

Average heat flow during the 1973-74 peak in activity was at least 

50 MW, as estimated by glacier calorimetry; 20 times the estimated
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pre-1965 heat flow at North Crater.

3. The first two peaks in activity have been followed by a four-year 

decline in heat flow in glacier-covered areas and, by inference, in 

ice-free regions as well.

4. During a period of relative inactivity in 1976-78, average heat 

flux in glacier covered areas decreased to pre-1965 levels.

5. The energy relased during periods of increasing activity has risen 

significantly with each successive pulse of activity; the increases 

occur mainly in zones of intense activity.

6. The amount of energy released in the less active ice-covered areas

showed a marked decrease between the 1972-74 and the 1978-80 pulses

of activity.

7. At least for thermal zone 5, the energy released during the 1974-78 

years of declining heat flow was greater than the comparable 

1968-72 period.

8. The thermal fluctuations appear to be superimposed on a longer term 

trend of increasing heat flow.

9. The effects of the increased heating have been much more strongly

felt in the younger eastern part of the crater than in the older

western sector.

10. The latest resurgence in activity in thermal zone 5 appears to have 

begun during 1977-78.

11. Increases in heat flow in areas A and B were not apparent until 

1978-79, indicating the less active ice-covered areas lag slightly 

behind the changes that occur in the intense areas of activity.
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12. Increases and changes in heat flow in the regions exterior to the 

North Crater have been comparatively mild in contrast to the region 

within the North Crater.

Fumaroles

Fumaroles have been responsible for melting as much as 60 percent 

of the ice within the North Crater. The boundaries of the thermal zones 

shown on figures 9 and 11, were defined principally around concentra

tions of fumaroles as they evolved and became free of ice. Fumarole 

intensity ranges from mild (barely steaming) to moderate (vapor emitted 

in a jet with plume dissipating about one to two meters above the vent) 

to highly pressurized (vapor emission has sound of a loud jet and plume 

rises to several meters before dissipating). Mildly and moderately 

pressurized fumaroles emit vapor at or near the saturated pressure 

boiling point; some of the highly pressurized fumaroles appear to be

superheated by at least a few degrees.

Because of weather, altitude, and heat and hazardous gases from the 

fumaroles, a direct measurement of steam flow was possible on only one 

fumarole within the North Crater. This was done during August 1975 on a 

moderately pressurized fumarole located near the base of the inner south

wall of the crater. The fumarole had a vent diameter of 0.15 m. Using

a hand-held anemometer the exit velocity of steam at the orifice was 

measured at 19.2 m/s. The density of saturated water vapor at 86.5°C
3(the temperature measured at the orifice opening) is 0.00037 t/m , which
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gives a net mass flow of 0.13 kg/sec. The heat flow *Q^g represented by 

this mass flow is obtained from the equation

*QV = Qvhv <22>

where is the steam velocity and hv is the enthalpy of saturated 

steam. For 86.5°C, h^ i:-: 2.653 x 10̂  J/kg (Dorsey, 1940). Substituting 

into equation (22) gives a heat flow of 0.34 MW from the fumarolic 

conduit.

Extrapolation of heat flows to other fumaroles from this single 

measurement is difficult because of the uncertain relationship between 

mass flows, vent diameters and plume sizes. However, it is probable 

that the larger-diameter vents, with more pressure, discharge up to an 

order of magnitude more heat than the measured vent. As an example, for 

a vent having a diameter of 0.5 m and exit steam velocity similar to the 

measured fumarole, the heat flow would be^3.5 MW.

Fumarolic Heat Flow Estimated from Glacier Calorimetry

As an alternative to direct measurements, glacier calorimetry can 

provide at least a minimum estimate of the power emanating from the 

fumaroles, and of the vapor flux within the conduits during the time the 

vents were overlain by ice. Fumaroles occupy a very small percentage of 

the total area of individual thermal zones. In making estimates of heat 

flow concentrated in fumarolic conduits overlain by ice, the fumaroles

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109

were assumed to be 5 percent of the total area. The remainder of the 

area in a thermal zone was assumed to have an average heat flux equal to 

that determined for area B through glacier calorimetry during the 

corresponding period of time (table 8). The heat flow attributable to 

this background area was calculated and subtracted from the net heat 

flow determined for the thermal zones in table 8. The remaining heat 

flow was then attributed to fumarolic conduits; the results are given in 

table 12. For example, the net average heat flow from thermal zone 2 as 

determined by glacier calorimetry for the period July 14, 1973 - August 

14, 1974 was 13.6 MW (table 8). Average heat flux in area B was 72 W/m2 

so that the nonfumarolic ground in thermal zone 2 is assumed to account 

for (0.95)x(24,400 m2)x(72 W/m2) = 1.7 MW of the average power. The 

residual heat flow of 11.9 MW is then attributed to fumarolic activity.

The estimates of fumarolic power along the south inner crater wall 

and rim, and along the east rim (given in table 12) were made by 

assuming that one-half the 1966-72 photogrammetrically determined volume 

loss occurred between August 1966 and August 1968. The oblique air 

photos from August 1968 show much of the ground in these two areas to be 

ice free so that the one-half assumption is considered a minimum 

estimate. From August 1975 onwards a vapor plume was visible emanating 

from thermal zone 5, so that estimates after 1975 for this zone, based 

on glacier calorimetry, are also considered minimums.
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Mass Flux

The transfer of heat from the deep thermal system through fumarole 

conduits into the near-surface region is accomplished almost exclusively 

by convective steam flow. With the aid of equation (2) this steam flow 

within the conduits can be estimated for periods during which thermal 

zones were covered by ice. Mass flux is evaluated at a depth Z within 

the conduit at which saturated boiling point conditions prevail and no 

condensation or evaporation takes place. Above this point steam con

densation can take place to melt ice and heat meltwaters but any waters 

draining down to depth Z are assumed to have been brought to the satura

tion boiling point. Below depth Z evaporation of waters may take place 

if superheated steam exists, but all steam arriving at Z is assumed to 

also be at the saturated boiling point.

The net mass flux, q, across a horizontal plane at Z within the 

conduit is given by

q = qw + qv (23)

where qw is the liquid water flux, and q^ is the steam flux. Two cases 

are examined. In the first case, the downward flow of water in the 

conduit is assumed to be zero so that

*1 = % (24)
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This case may correspond to a situation in which no condensation 

takes place in the conduit above Z and the steam pressure is sufficient 

to prevent entry of melt water. Although unlikely, it provides a

bracketing lower limit to the steam flow in the conduit.

For the second case, the downward flow of water, q^, is taken to be

equal to the rate of meltwater generation, q̂ , plus the rate of vapor

condensation above Z, q£, so that

q2 ‘ %  + ’c + V  <25>

Because in ice-covered areas all the steam must condense, qc must equal 

(-qv) and the net mass flux across the plane at Z must be

q2 = qm (26)

This case does not necessarily provide an upper limit for steam

flow within the conduit because meltwater generated from outside the 

zone may also drain into the conduit, but it is probably sufficiently 

close for the purpose of this analysis.

For case 1, the heat flow through the subsurface plane at Z is

*q x = qv \  (27)

For case 2, it is
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*q2 = qv hv + qw hw = qv (hv “ V + qm hw (28)

and

*q2 = %  Le + \  hw> (29)

where h^ is the enthalpy of steam at the saturation boiling point, h is 

the enthalpy of liquid water at the saturation boiling point and is 

the latent heat of evaporation. Assuming no energy is lost laterally 

from the conduit between the plane and the ground-ice interface and 

using equation (2) we must have

(Case 1) *qx = qv hv = qm Lf - K± (dT/dZ)± (30)

and

(Case 2) *q2 = qv L£ + qm hw = ^  Lf - K± (dT/dZ)., (31)

where is the heat of fusion, (dT/dZ)^ is the conductive heat flux

above the melting front and q is the rate of melting or ice mass flux, m
Using the approximation

K. (dT/dZ). ~ - q  C .T.,l l m i l

where T\ is the average temperature of the ice in the column that is
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melted during the period of interest, equations (30) and (31) become 

(Case 1) *qv = qm (Lf - C.T.) (32)

and

(Case 2) *qy = qm (Lf + hw - C ^ )  (33)

By using the assumption t h a t T g where Tg is the mean annual

surface temperature, equations (32) and (33) can be evaluated for 

conditions at North Crater. Taking Tg = -20°C, Ci = 20.9 J/g-°K, Lf = 

333.6 J/g, hw = 360 J/g for T = 86°C, hv = 2652 J/g for T = 86°C, and Lg 

= 2292 J/g at 86°C (Dorsey, 1940) gives

(1) q = 0.134 q

(2) q,7 = 0.31 q

(34)

(35)

These bracketing estimates of steam flow within North Crater fumarolic 

conduits based on equations (34) and (35) are given in table 12.

An estimate can be made of the steam velocity within the conduit 

from the equation

\  ‘ qv/Afv (36)
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where is the steam velocity, p  ^ is the density of steam
3

(=0.00037 t/m for T = 86°C), and A is the conduit cross-sectional area. 

As an example, the bracketing estimates of q for thermal zone 2 during

1973-74 are 4.5 and 10.4 kg/sec respectively. If the aggregate conduit 
2cross section is taken to be 1 m , then substitution into equation (36) 

gives steam velocities of 12.3 m/s and 28.3 m/s for the minimum and 

maximum cases respectively. These estimated conduit steam velocities 

bracket the measured exit velocity of steam from the moderately 

pressurized fumarole discussed on page 108.

It must be stressed that the mass flux values reflect steam flow 

during periods when the zones were overlain by ice. Equations (34) and 

(35) indicate that once the zone becomes ice free and meltwater ceases 

to infiltrate the conduits, heat loss through vapor emission directly 

into the atmosphere can be more than twice the heat loss that occurred 

when the zone was overlain by ice. As discussed previously, there was 

no way of estimating, other than through qualitative and subjective 

visual observations or through inferences from adjacent ice-covered 

areas, what actual changes and fluctuations in heat flow occurred in the 

areas that had become free of ice. In addition, it was not possible to 

directly verify whether the heat losses documented by glacier 

calorimetry continued after complete melt. Extrapolation of the single 

measurement of the moderately pressurized fumarole discussed on page 108 

does suggest that case 2 is more representative of the magnitude of heat 

losses in the ice-free zones.
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Estimates of Total Heat Flow from North Crater

Glacier calorimetry can only provide a minimum estimate of the 

total heat flow and heat discharge from the North Crater; the values are 

likely to be much higher when the ice-free areas are taken into account. 

However, quantitative measurements of heat flow in ice-free zones are 

available for only brief time intervals and over a small portion of the 

total ice-free area (Appendix D7). Therefore, estimates had to be based 

on extrapolation of heat flow measurements and patterns of fluctuations 

determined by glacier calorimetry into adjacent ice-free areas for times 

after which an area became free of ice.

Heat flow estimates obtained under assumptions discussed below are 

given in table 13 for the period from 1972 to 1980. The first column 

provides the absolute minimum heat flow as determined by glacier 

calorimetry. The value used for the 1972-73 heat flow in areas that 

became ice free by July 1972 is based on the average 1966-72 heat flow 

value determined by glacier calorimetry for the west rim (2.0 MW), the 

south rim and crater wall (3.2 MW), and the east rim (4.8 MW) (Appendix 

D7). The heat flows in these areas are then assumed to have followed 

patterns and proportions of change similar to that experienced in 

regions still covered by ice during 1972-1980 (columns 2 and 3). Heat 

flows in thermal zone 2 were found to be very similar to those in 

thermal zone 5 during the period 1966-74. The assumption was therefore 

made that the heat flows in thermal zone 2, when it had become ice free 

(after 1974), were the same as measured in thermal zone 5 by glacier
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calorimetry for 1974-1980 (columns 4 and 5).

Two cases are presented in table 13. In case 1, heat flow 

estimates correspond to strictly glacier calorimetric determinations.

It is assumed in case 2 that when areas become ice free, downward 

flowing glacier meltwater no longer extracts heat from the upflowing 

vapor flux so that surface heat losses are up to 2.3 times greater than 

if the areas were covered by glacier-ice [see equations (38) and (39)]. 

The total estimated heat flows for each of the two cases are shown in 

columns 6 and 7.

Based on the preceding assumptions, heat flows may have reached 

levels of 90 MW during 1973-74 and 120 MW during 1979-80. The latter 

may be underestimated because the unknown heat losses that occurred in 

the ice free areas of thermal zone 5 are not taken into account. Heat 

flow during the period 1976-1978 may have been as low as 20 MW.

The preceding heat flow estimates must be treated with caution. 

The nature of the assumptions used to derive them tends to accentuate 

changes observed in the glacier-covered regions. If the heat flow in 

the ice-free areas actually remained at high levels rather than 

following the trend experienced in glacier-covered regions, the extremes 

in heat flow from peak to repose would have been much less than shown in 

table 13.
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Total Mass Balance

Ice Losses

The volume of snow and ice within the North Crater is plotted as a 

function of time in figure 26. The estimated 1957 volume of 

^44 x 10^ m^ was computed by taking the difference between the 1957 

photogrammetrically determined snow surface and the crater bed 

topography as determined from photogrammetry for later years. The 

elevations of the crater floor that are still covered by ice were 

estimated by simply projecting the geometry of exposed sections beneath 

the glacier cover.

The most rapid declines in ice volume coincided with the 1966-68 

and 1972-74 pulses of thermal activity. The rates of ice loss in sub

sequent years, and during the current pulse of activity, are lower 

because ice had already completely melted in and around fumarolic areas. 

The volume of ice remaining within the crater by September 1980 was 

about 25 percent of the original 1957 volume; the total loss of ice 

through this time, including the snow that fell between 1965 and 1980, 

is ~>33 x 10^ m^ water equivalent. The amount of heat required to melt 

this ice, including the energy to bring it to the melting point, is 

1.25 x 10^ J (10^ ergs) which is about the amount of energy released in 

a small to moderate eruption. If the current rate of ice loss con

tinues, complete melting of the remaining ice within the crater will 

occur sometime between 1985 and 1989.
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Vapor Loss vs. Meltwater Generation

Obtaining estimates of vapor losses from the North Crater is 

important for determining what has happened to the vast amounts of melt

water that have been generated by the increased heating. The amount and 

rate of meltwater generated by heat flow is documented by glacier 

calorimetry. Vapor losses to the atmosphere, however, are much more 

difficult to determine.

Estimates of vapor losses for 1972-80 were obtained from the

results for heat flow in ice-free areas given in columns 2 and 3 of

table 14. They were computed by dividing the case 1 and case 2 heat

flows for ice-free areas by the enthalpy of water vapor at 86°C, 2652 x
3

10 J/kg (table 14). The vapor losses for the period 1966-72 were 

based on the average heat flow determined from glacier calorimetry for 

the areas that became ice-free by 1972 (Appendix D7). The computations 

assume heat transfer is solely by vapor flow and neglect the com

paratively minor amount of subsurface condensation that occurs in the 

less active areas. The heat losses by vapor flow from fumaroles, 

steaming ground, and by evaporation from hot ground and lake surfaces 

are much greater than the conductive heat losses in ice-free areas, so 

that the assumption is considered reasonable for the purposes of this 

assessment.

The first two columns in table 14 give the amount of meltwater and 

equivalent meltwater flux generated by heat flow as determined by 

glacier calorimetry. The values include the melting of the estimated
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snowfall over ice-free areas. Table 14 shows that unless the volume of 

vapor loss is severely underestimated, meltwater intrusion greatly 

outpaced vapor loss, particularly during the earlier years of increased 

heating.

One independent check on the estimates of vapor losses comes from 

observations of the vapor plume rising from the North Crater during the 

summer of 1976. Time-lapse photos were taken of the ascending plume 

from the vicinity of bench mark 7 at the West Crater. From examination 

of the film, the velocity of the plume as it rose above the rim of the 

North Crater was estimated at 1 to 1.5 m/s. The diameter of the plume 

at rim level was -— '100 m. Vapor flow was not continuous but occurred in 

pulses so that condensed vapor was observed for perhaps one-half of the 

total period. Humidity of the ambient air mass at the time of the 

photography was measured to be ^ 2 0  percent. Assuming an ambient air 

temperature of -10°C passing over the crater, the corresponding 

saturation vapor density is 2.36 x 10  ̂ t/m3 so that, at 20 percent 

humidity, a minimum of 1.89 x 10  ̂ t/m3 additional vapor must be 

introduced into the air mass in order for a cloud to become visible. 

Assuming that liquid droplets in the plume represent an additional2 x 

10  ̂ t/m3 of water then the total amount of water introduced into the 

air is 3.9 x 10  ̂ t/m3. The total vapor flow from the North Crater is 

then roughly

1/2 (50)2 7f 3.9 x 10~3 kg/m3 x (1.25 m/s)

 -19.1 kg/s
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This value is greater than the case 2 1975-76 vapor loss estimate 

of 13.6 kg/s, suggesting that case 2 vapor losses are underestimated.

Thermal zone 2 was open to the atmosphere after 1974 and the ratio 

of vapor loss to meltwater generation has steadily increased. Estimated 

vapor losses for 1978-80 in table 14 are probably conservative because 

the vapor losses from the ice-free areas of thermal zone 5, and other 

smaller fumaroles that became ice free by 1980, are not known and are 

therefore not included in table 14.

An indication that this is so comes from observation of plumes from 

the North Crater in 1980 and 1982. As in 1976, time lapse photos were 

taken in 1980 (from bench mark 4) and in 1982 (from near the caldera 

center). Examination of the photos provided estimates of plume diameter 

and rates of rise: 150 m and 1.75 m/s for 1980 and 250 m and 2.5 m/s for 

1982. Analyses similar to that performed for the 1976 plume give 

49 kg/s as the rate of vapor loss for 1980 and 195 kg/s for 1982.

The value obtained for the 1980 plume analysis is considerably 

greater than the case 2 volume of 32 kg/s and substantiates the 

conservative nature of the post-1978 estimates in table 14. The air 

temperature and percent humidity used in all three of the plume analyses 

are also considered conservative so that actual vapor losses may have 

been even higher.

Prior to 1980, the total interior melt for the 14-year period 

(1966-80) of 32.4 x 10̂  kg far exceeded the estimated vapor losses of/~'5 
9x 10 kg. Thus, unless the vapor losses during this period have been 

vastly underestimated, much of the meltwater still remains unaccounted
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for. The meltwater must have percolated down into the deep system or 

advected out of the system, or a combination of both.

The downward percolation of meltwaters suggests a possible explana

tion for the fluctuating pattern of heat discharge and the continued 

increase in activity since 1980. The rate at which meltwater was being 

generated within the crater became substantially lower following the 

1972-74 pulse of activity. For example, total melt during the period 

8/74 to 8/78 was 3.88 x 10^ kg compared to 9.05 x 10^ kg during 8/68 to

7/72. Similarly, the melt during the 8/78 to 9/80 period of increasing
9 9activity was 4.11 x 10 kg compared to 7.08 x 10 kg during 7/72 to 8/74

9and 8.42 x 10 kg during 8/66 to 8/68. The greater amounts of meltwater 

generated during the earlier years of increased thermal activity may 

have been sufficient to percolate down and accumulate over the subsur

face heat source. The increased hydrostatic pressure would cause a 

temporary quenching and reduction in vapor generation, thereby reducing 

heat flow. The much smaller amounts of meltwater now being generated 

may no longer be capable of significantly affecting the heat source, 

particularly if the source of heat itself is simultaneously increasing 

in potency. This change in meltwater generation and the possible in

crease in the strength of the heat source could explain the continued 

increase in thermal activity since 1980. Aspects of this preceding 

hypothesis are analysed in detail in the discussion chapter of this 

work.
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A cooling body of magma is a likely candidate for the heat source 

driving the thermal system at the North Crater. Geochemical evidence 

supporting this hypothesis will be examined after first examining 

whether changes in heat flow have occurred elsewhere at the summit of 

Mount Wrangell.
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CHAPTER IV - CALDERA, OTHER CRATERS, AND OUTER SLOPES

In contrast to the North Crater, heat flow in the caldera and at 

the East Crater as monitored by photogrammetry and glacier calorimetry 

has remained constant over the past twenty-five years. Thermal activity 

at the West Crater, however, has undergone fluctuations and has 

significantly declined since 1966. Glaciers on the northeast flank of 

the volcanoes began advancing sometime between 1965 and 1977. Although 

thermal instabilities at the base of these glaciers could affect flow 

regimes and cause such an advance, it is not clear whether the present 

advance is connected to the current increases in activity at the North 

Crater.

West Crater

In view of the proximity of the West Crater to the North Crater C~>1 

km), any significant changes in the deeper thermal system that affected 

the North Crater might be expected to have also affected conditions at 

the West Crater. In fact, based on photogrammetry, glacier calorimetry, 

and visual observations, recent thermal activity at the West Crater can 

be correlated with several events at the North Crater. While some of 

the changes in heat flow at the West Crater are found to be synchronous 

with those at the North Crater, other changes appear to be in the 

opposite phase. Except for an increase in heat flow that occurred in 

1965-66, changes in heat flow have been of much smaller magnitude than

127
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changes at the North Crater and, overall, heat flow at the West Crater

has substantially declined since 1966. These trends have been docu

mented by a combination of visual observations and photogrammetry (figs. 

27 through 33; table 15). Profile WC6 in figure 32 approximately 

bisects the crater while WC5 (fig. 31) passes through the deepest part. 

The excellent correspondence of exposed bedrock elevations between the 

several sets of profiles indicates photogrammetric accuracies are within 

1 m. The changes in ice volume within the West Crater relative to the 

1972 snow surface are shown in figure 33. The area of the south wall 

glacier is^0.21 x 10̂  m^.

Recent Thermal Activity at West Crater

Direct observations, made in 1953-54, documented a high level of 

fumarolic activity within the West Crater, particularly near the crater 

floor (fig. 27). Fumaroles were present at the bottom of the crater on 

the north edge of a snow plug which was being fed by ice calving from

the toe of a small steep glacier located on the south wall. The

northern half of the West Crater was kept snow and ice free by high heat 

flow and fumarolic activity. Large areas on the outer north flanks of 

the crater were also devoid of ice and snow (fig. 28).

Observations made during visits to the summit between 1961 and 1965 

indicate that thermal activity remained at roughly the same level as 

1953-54 and 1957. However, a significant increase in heat flow, must 

have occurred prior to the summer of 1966. In June 1965 the bottom of
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Figure 27. West Crater in 1954. Fumaroles are near the base of the north inner wall. The 
snow field at the bottom of the crater was being fed by ice and snow calving from the 
small glacier on the inner south wall. Photo by Charles R. Wilson.



Figure 28. West Crater in July 1957. West Crater was the source of an 
eruption in 1930 and of other eruptions reported to have occurred 
early in this century. This photo shows the north inner crater 
wall free of snow. Patches on the northeast and northwest flanks 
have been interraitently snow free during 30 years of observations. 
Before the recent heating at North Crater, only the West Crater was 
relatively free of ice.
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the crater was filled with ice and snow, and at no previous time had any 

liquid water been observed there. However, in August 1966, a lake 40 to 

50 m in diameter and surrounded by fumaroles was present at the bottom 

of the crater (fig. 29). This corresponds to the time at which large 

increases in heat flow were first noted in the North Crater.

The lake drained or evaporated by July 1968 (the date of an aerial 

reconnaissance) but heat flow was great enough to maintain the crater 

bottom free of ice and snow at least through June 1969. In September 

1971, snow and ice once again was observed to accumulate at the bottom 

of West Crater. It continued to do so during increases in activity at 

the North Crater, although a perforation in the ice remained visible 

through the summer of 1974. This perforation filled with snow and the 

crater bottom was completely covered by August 1975.

Conspicuous features of the surface profiles (figs. 30, 31, and 32) 

and ice volume changes (fig. 33) are the drop in snow surface between 

1957-72 and the progressive increase in snow level since 1972. The 

total change in ice volume between the summers of 1957 and 1972 was 

3.1 x 10̂  m^ with snow surfaces dropping as much as 30 m. Judging from 

the ground observations, much of the decrease in ice volume must have 

occurred between the summers of 1965 and 1966. In contrast, between 

1972-74 the snow surface increased in elevation an average of/~T2 m over 

most of the south wall, while 24-34 m of snow accumulated at the bottom 

of the crater; the net volume increase during this time was 1.9 x 10^m^. 

The snow surface elevations changed less in the following two-year 

period. Although snow surface elevations increased 2-5 m on portions of
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Figure 29. West Crater in August 1966. The snow and ice in the bottom of the 
West Crater melted between the summers of 1965 and 1966 forming the 
40-50 m diameter meltwater lake. The melting of the snowfield is evi
dence of an increase in heat flow at the West Crater between 1965 and 
1966.
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Figure 30. North-south photogrammetric profiles WC4 for summers of in
dicated years (cf. fig. 19). The profiles show the large drop in 
snow surface elevation between the summers of 1957 and 1972. Field 
observations indicate that much of this change was caused by a 
thermal pulse that affected the West Crater between the summers of 
1965 and 1966.
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Figure 31. North-south photogrammetric profiles WC5 for summers of 
indicated years. The profiles are taken through the deepest 
portion of the West Crater (cf. fig. 19). The nearly continuous 
rise in snow surface elevation since 1972 reflects the general 
decline in thermal activity at the West Crater.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A
LT

IT
U

D
E

, 
M

E
T

E
R

S

135

Figure 32. North-south photogrammetric profiles WC6 for summers of 
indicated years. The profiles are taken through the center of 
the West Crater (cf. fig. 19). The slower rate of increase of 
snow surface elevation between the summers of 1974 and 1976 
indicates a resurgence in thermal activity during this interval. 
Snow surface rapidly rose between 1976 and 1978. Snow surface 
elevation continued increasing but at a slower rate between 1978 
and 1980.
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the south wall, and 2-18 m at the crater bottom, it declined elsewhere 

and there was no net volume change over the interior south wall between 

1974 and 1976 (fig. 33; table 15). A possible cause of this lack of 

volume increase might be a lower-than-average rate of snowfall during

1974-76. Net accumulation in the North Crater between August 1975 and 

July 1976 was zero. However, 1975-76 caldera accumulation was 80 

percent of average while snow pit studies in both the caldera and North 

Crater indicate 1974-75 accumulations were about average. Thus, if the 

accumulation for 1974-76 for the West Crater is assumed to have been the 

caldera average, then the profiles suggest an increase of thermal 

activity.

The greatest increases in snow level occurred between the summers 

of 1976 and 1978, averaging 20-25 m over the lower south wall and crater 

floor for a net increase of 2.4 x 10^m^. Although by 1974 the snow 

level at the bottom of crater had exceeded the 1957 level, it was 

probably not until 1977 that total snow and ice volume exceeded 1957 

levels (fig. 33).

Despite the large snow accumulation measured at the North Crater, 

the rate at which snow level increased within the West Crater declined 

between the summers of 1978 and 1979. This suggests a slight increase 

of thermal activity at the West Crater, perhaps in connection with the 

beginning stages of the third thermal pulse observed at the North 

Crater. During the following year, the rate of snow build up at the 

West Crater increased back to 1976-78 levels despite the increases in 

thermal activity at the North Crater. During the period 1965-80 most of
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Table 15. Ice volume changes, south wall of the West Crater (area 0.21

x 10^m^). All volumes are in millions of cubic meters.

Net volume Estimated Annual ^
Period change uncertainty basis m/m -yr

9 Aug. 57 - 
17 July 72 -3.08 0.47 -0.21 -0.96

(Aug. 65 - 
Aug. 66) (-3.08) --- (-3.08) (-14.38)

17 July 72 - 
14 Aug. 74 + 1.91 0.30 +0.92 +4.29

14 Aug. 74 - 
8 July 76 0.00 0.23 0.00 0.00

8 July 76 - 
27 Aug. 78 +2.37 0.15 + 1.11 +5.17

27 Aug. 78 - 
18 Aug. 79 +0.36 0.15 +0.37 + 1.70

18 Aug. 79 - 
4 Sept. 80 + 1.03 0.23 +0.98 +4.59
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Figure 33. Changes in the volume of snow and ice on the south inner wall of the West Crater 
determined through photogrammetry. Volume changes are relative to the 1972 snow surface, 
dashed lines between 1957 and 1972 are conjectures based on field observations. The most 
build-up of snow mass occurred between the summers of 1972 and 1974 and 1976 and 1978. 
balance between 1974 and 1976 was nearly zero. Snow mass has continued to increase since
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the north inner wall of the West Crater continued to remain free of ice 

and snow, while areas on the northwest and especially northeast flanks 

were intermittently free of snow.

Based on ice volume changes and visual observations, recent thermal 

activity at the West Crater is correlated with events at the North 

Crater as follows:

1. The rapid increase in heat flux during 1965-66 corresponds with the 

onset of increased heating at the North Crater.

2. The decline in activity at the West Crater between the summers of 

1972 and 1974 contrasts to the large increases at the North Crater 

during this same period.

3. The increased heat flow at the West Crater in 1974-76 corresponds 

to the relatively high but declining level of heat flow at the 

North Crater following the 1973-74 peak in activity.

4. The marked decline in heat flow at the West Crater, evidenced by 

the rapid increase in snow volume during 1976-78, correlates 

directly with the low heat flow period observed at the North 

Crater.

5. The increase in heat flow at the West Crater indicated by the lower 

rate of snow build up during 1978-79 correlates with the onset of 

the third thermal pulse observed at the North Crater.

6. In spite of the continued large increases in heat flow at the North 

Crater during 1979-80, snow build-up indicated that no such 

increases in heat flow were occurring at the West Crater.
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Thus while some of the changes in heat flow at the West Crater 

appear synchronous with those at the North Crater (1965-66; 1976-78;

1978-79) other changes appear to be in opposite phase (1972-74; 1974-76;

1979-80). Furthermore, except for the 1965-66 increase in heat flow at 

the West Crater, the changes in heat flow have been of much smaller 

magnitude than the changes at the North Crater.

Heat Flow at the West Crater

Translating the changes in snow surface profiles at the West Crater

into heat flow estimates is difficult because, no direct information on

West Crater interior accumulation is available. The apparent pattern of

accumulation within the crater, as indicated by the variation in the

snow level rise on the south wall, prohibits direct extrapolation of

caldera accumulation to the West Crater. The average rate of rise in

snow level over the south wall between 1976-78 of 5.2 m/yr (table 15) is

equivalent to a rate of accumulation of~2.1 m/yr water equivalent 
3( a s s u m i n g 0.4 t/m ). This rate, a conservative estimate since it 

neglects basal melt, is substantially greater than the average caldera 

center rate of 1.3 m/yr water equivalent. Much of the accumulation 

along the south inner wall and at the crater bottom must be due to wind 

drifted snow, which is subject to large fluctuations and dependent on 

prevailing wind patterns. Despite the problems in dealing with 

accumulation, estimates of heat flux are made for two periods.

The glacier melt corresponding to the 1957-72 volume change repre
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sents a net heat loss of/~0.7 x 10*5 J if a basal ice density of 0.6
3

t/m is assumed. If the total 1957-72 volume loss occurred between the

summers of 1965 and 1966 (as suggested by visual observations), the

equivalent average heat flow would have been 22 MW (or/~'105 W/m2). If

the average accumulation for the 1974-76 period is assumed equal to the

1976-78 annual rate of rise of the snow surface, the equivalent basal

melt-rate needed to maintain a constant volume would have been

0.65 x lO^m^/yr water equivalent assuming a basal ice density of 
3

0.6 t/m . This volume represents an average heat flux of/W.8 MW (or
237 W/m ). Both of these heat flow estimates apply only to the glacier 

covered portion of the interior West Crater. Substantial heat losses 

also occur on the north wall and are at least equivalent to and probably 

much higher than those occurring on the south wall.

East Crater

Thermal Activity

East Crater thermal activity has remained at almost a constant 

level over the 25 years of direct observations. Ice flow has yet to 

breach the crater rim, indicating that residual heat flow within the 

crater is high enough to offset much of the incoming accumulation (fig. 

34). Observable thermal activity at the crater consists of several 

small fumaroles clustered along the western rim and persistently
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Figure 34. East Crater in August 1978. This photo shows the East 
Crater nearly filled with ice. The local coordinate system used 
for digitizing surface profiles at the East Crater has the X-axis 
parallel to the east-west direction. Lines EC3E, EC7E, EC3N and 
EC7N are locations of profiles shown in figure 45.
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snow-free areas over most of the outer south and east walls of the 

crater.

Photogrammetric profiles and ice volume calculations verify a 

nearly equilibrium status for much of the snow surface within the crater 

between 1957 and 1980 (fig. 35; table 16). A slight build up appears to 

be occurring over the eastern sector of the crater. The estimated 

uncertainties of the net volume changes are greater than the volume 

changes themselves. However, when profiles over snow-free areas for 

different years are compared, the elevation differences are generally 

less than 1 m. This suggests the photogrammetric measurements are more 

accurate than the estimate in table C-l, Appendix C that was used in the 

uncertainty assessment. If so, then the trend of slightly increasing 

volume with time suggests heat flow may be slowly declining.

Heat Flow

Based on variations of oxygen isotope ratios in snow layers, the 

average accumulation in a snow pit located near the center of the East 

Crater was estimated at about 0.4 m/yr water equivalent (C. Benson, 

personal commun., 1982). If this value is assumed to apply to the 

entire interior East Crater, the estimated average heat flow for the 

ice-covered interior East Crater is 0.9 MW. Based on this estimate, 

the East Crater is the least thermally active of the three caldera rim
2craters. The equivalent heat flux of 4.9 W/m for the East Crater is
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Table 16. Ice volume changes, interior East Crater (area 0.19 x 106

n,2). All volumes are in millions of cubic: meters.

Period
Net volume 
change

Estimated
uncertainty

Annual  ̂
basis m/m -yr

9 Aug. 57 - 
17 July 72 0.18 0.69 0.012 0.06

17 July 72 - 
27 Aug. 78 0.15 0.42 0.024 0.13

27 Aug. 78 - 
4 Sept. 80 0.017 0.27 0.0084 0.04

9 Aug. 57 -
4 Sept. 80 0.34 0.60 0.015 0.08
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Figure 35. East Crater surface profiles, a), b) , c), and d) are keyed to lines shown on
figure 34. An increase of about 8-10 m in elevation has occurred over portions of
the eastern sector of the water. This indicates the crater is not yet at equili
brium and suggests that heat flux is still declining.
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similar to the estimated equilibrium heat flux at North Crater before 

1965 (page 86).

Caldera

Changes in Snow Surface

Comparison of snow surface elevations determined from 1957 North 

Crater photogrammetry to photogrammetry for more recent years shows a 

10-15 m drop immediately adjacent to the southern and eastern rims of 

the North Crater (cf. figs. 13 and 14). Accuracy of photogrammetry for 

regions farther out in the caldera are limited by difficulties in 

perceiving elevation changes on a featureless white surface, and by 

distance from photo-control points. Therefore, changes elsewhere in the 

caldera were determined by comparing the 1965 and 1966 geodetic surveys 

of the snow surface made by Bingham (1967) to elevations determined 

during glacial surveys between 1975 and 1978 (Appendix B). The 

comparison confirmed the 10-15 m drop in snow surface near the North 

Crater's southeast rim but showed that these changes diminished to less 

than 1 m within a downslope distance of 1 km of the crater rim. Net 

changes farther downslope were less than ± 1 m, the resolution of the 

survey comparison. As a check on the equilibrium status for most of the 

caldera snow surface, horizontal resection was made in 1978 of three 

points in the caldera that were surveyed in 1975. The results of the 

comparison that showed the snow surface at the center of the caldera had
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remained within ± 0.25 m over the three year period while the south

western and northeastern snow surface had risen by about 1 m (Appendix 

B, table B-6). The latter increases may have been caused by high snow 

accumulation in 1977.

A detailed geodetic survey of the snow surface lying between the 

North and West Craters was undertaken in 1978 in order to determine 

whether any changes had occurred in this critical area. The snow 

surface contours based on the 1978 survey are shown in figure 36 along 

with the changes in elevation at points surveyed in 1965-66. The 

comparison between surveys shows that the snow surface in a region 

extending from bench mark 8 towards the south rim of the North Crater 

has dropped about 5 to 7 m in elevation. These changes indicate that 

increases in heating are also affecting the region between the two 

craters.

A depression in the caldera snow surface located east of the West 

Crater was mapped by Bingham (1967). Though not deepening, this depres

sion has persisted through 1978. The 1965-66 glacier velocity vectors 

in the vicinity of the depression were directed towards it and the zone 

probably marks a localized source of very high heat flow which ap

parently has remained relatively constant in power.

Increased heating and fumarolic activity on the outer flanks of the 

North Crater can account for some of the drop in snow level near the 

south and east rim. However, much of this surface lowering can also be 

attributed to the loss of ice flux from the North Crater. The estimated 

pre-1966 ice flux from North Crater was '•'0.2 x 10^m^/yr (Appendix D3) .
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Figure 36. Contours of caldera snow surface between the North and West 
Craters, summer 1978. Rectangles show locations of glacier stakes 
surveyed in 1965 and 1966. Numbers adjacent to the rectangles are 
changes in elevation in meters that occurred between 1965-66 and 
1978.
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The loss of this ice flow from the crater to the caldera during the

period 1966-78 is equivalent to an ice volume loss of^2.2 x 10 6m3. If
5 2this volume is distributed over 5 x 10 m , roughly the downslope area 

showing a measurable decrease in elevation, the equivalent average loss 

of r-'k. 5 m corresponds well with the average drop measured over the area.

Equilibrium

Based on two separate indications of disequilibrium melting in the 

caldera, Bingham (1967) thought that the caldera was heating up and 

expected the increased heating to significantly affect caldera mass 

balance after 1966. Bingham's first argument was that the downward 

velocities measured at caldera glacier stakes during 1965 (— 7—11 m/yr) 

were much greater than apparently could be accounted for by an 

equilibrium surface plus a densification velocity based on an average 

annual rate of accumulation [see equation (20)]. The second was that a 

comparison of 1965 to 1961 caldera surveys revealed a 2-5 m drop in snow 

surface elevation over parts of the caldera. Instead, as documented 

above, rather than dropping, most of the caldera surface has remained 

at about the same level since 1965.

Because of the densification process, vertical velocities are 

difficult to interpret when the time between surveys is short. Stake 

survival has been a severe problem at the summit of Mount Wrangell due 

to rime-icing, high winds, and high accumulations. The 1965 and also 

the 1976 vertical velocity components in the caldera are based on meas

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



150

urements taken about 60 days apart during the summer. Two stakes which 

did survive the winter, one in 1965-66 and the other in 1975-76, yielded 

vertical velocities about one-third their summer vertical velocities. 

When the one-third factor is applied to the other summer rates, the re

sulting velocities are in much better agreement with an equilibrium sur

face and annual settling velocities determined from equation (20). This 

indicates that the high vertical velocities measured during the summers 

probably reflect the rapid settling of the new summer snow rather than 

any increases in thermal melting.

The 1961-65 caldera surface changes are more difficult to explain. 

A possible cause for the difference may be the abnormally high snow 

accumulation in 1960-61 which was roughly twice the normal amount 

(Benson, 1968).

Heat Flow

The existence of an equilibrium snow surface does not imply lack of 

geothermal heating, although it certainly sets limits on its maximum 

value (i.e., the basal melt-rate must be less than the accumulation 

rate). The equilibrium surface simply means that the geothermal heat 

flux has been constant (or slowly varying) for a period of time long 

enough to allow the snow surface to reach a steady-state condition. If
2the average heat flux of/-̂ 5 W/m (determined for the interior East 

Crater and for the interior North Crater before the recent increased 

heating) is used as the average heat flux for the ice-covered portions
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of the caldera, then the resulting heat flow for the entire ice covered 

area would be ̂ 15 MW.

The basal melt rate equivalent to 5 W/m2 is/^0.4 m/yr, which is 

about one-third the average annual rate of accumulation determined for 

the center of the caldera. A melt loss of this magnitude should make a 

significant contribution to caldera mass balance, one which should be 

measurable by the method of glacier calorimetry. Because there is no 

surface melting, all ice lost from the caldera is lost by either basal 

melt, or through ice flow out of the caldera via the Long Glacier. By 

determining the total average accumulation over the caldera and the ice 

flux at the head of the Long Glacier where the caldera is breached, the 

overall basal melt rate can be calculated and caldera heat flow 

estimated. Determining ice flux requires knowledge of ice velocities 

and cross-sectional thicknesses at the head of the Long Glacier.

Dangerous crevasses which occur in this area make these tasks quite

difficult, and the analysis has not yet been attempted.

Outer Slopes Recent Glacier Advances

The West Copper and MacKeith glaciers have steep snouts, a 

conspicuous absence of debris in their termini, and are overriding 

recent vegetation. Most of West Copper glacier is intensely crevassed, 

appears to be spreading laterally and is considerably higher than the 

immediately adjacent topography and moraines. Comparison of vertical

aerial photos taken in 1957, on 28 July 1977, and on 2 September 1978
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shows advances of up to 180 m by West Copper and MacKeith Glaciers since 

1957. Aerial photos of part of the West Copper Glacier terminus 

obtained in 1965 indicate that much, if not all of the recent advance 

has occurred since then. Between 1977 and 1978, both West Copper 

Glacier and the west part of MacKeith Glacier were advancing at 

field-measured rates of 8 to 15 m/yr. Ice is overriding lava flows and 

the remnant of an eroded volcanic cone at a rate of about 10 m/yr in an 

embayment between the MacKeith and West Copper Glaciers. The region 

immediately downslope from this volcanic ridge, ice free in 1957, has 

been invaded by ice which now (1983) surrounds the outcrop. In

contrast, a glacier from Mount Sanford whose terminus lies near that of 

the Copper Glacier has been retreating at the same time the glaciers on 

the northeast flank of Mount Wrangell have been advancing.

These glaciers and the Copper Glacier have advanced and retreated 

previously in the recent past. Prominent ice-marginal morainal fea

tures, distinguishable on vertical aerial photographs, record at least 

three major glacier advances since the Wisconsinan period. A terminal 

moraine with kettle ponds and ice-stagnant features lies 6 km in front 

of the present Copper Glacier terminus and probably marks the farthest 

advance of the "Alaska Glaciation." Two younger terminal moraines lie 

100 and 300 meters in front of the present Copper Glacier terminus. 

These recent advances and retreats are also evident from the several 

lateral moraines that lie along the present margins of the Copper and 

West Copper Glaciers.

Lack of vegetation, active subsidence in ice-cored moraines, and
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ice stagnant features document very recent glaciation of much of the 

area downslope from the MacKeith glaciers. Two terminal moraines 

distinguishable on aerial photographs, were verified in the field and 

probably date from the turn of the century.

Glaciers on the south and west flanks of Mount Wrangell, which also 

originate on geothermally active regions of the summit caldera, show no 

signs of advancing despite the fact that several fumaroles perforate the 

west flank glacier ice at 3,600 m altitude. The termini of valley 

glaciers on the south and west flanks are heavily laden with debris and 

photogrammetric analyses show they have been stable at least since 1957. 

The Cheshnina Glacier, an ice sheet on the southwest slopes of Mount 

Wrangell, has a steep and relatively debris-free snout similar to the 

MacKeith glaciers, but it also has not advanced.

The correlation in the advance of the glaciers on the northeast 

flank of the volcano with the increased heating of Mount Wrangell 

suggests a possible cause and effect relationship which is explored 

later in the discussion chapter of this work.
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CHAPTER V - CHEMISTRY OF THERMAL WATERS AND FUMAROLIC GASES

FROM NORTH CRATER

The intensity and rapidity of increases of thermal activity within 

a previously active volcanic crater strongly suggests that the changes 

in heat flow at the North Crater are directly related to a shallow 

magmatic system. If so, then the signs of this magmatic influence 

should be detectable in the thermal fluids evolving from the heat source 

and emanating at the surface. Fumarolic gases have often been used to 

infer conditions at depth: gas compositions can reflect equilibration 

temperatures and also provide clues regarding the nature of the thermal 

source (eg. Ellis, 1957; Gerlach and Nordlie, 1975; Giggenbach, 1980). 

Sometimes thermal spring waters associated with fumarolic activity can 

also provide useful information for deciphering the nature of the deeper 

heat source.

The first hint that the gases from the North Crater were evolving 

from a magmatic source was their acrid taste which suggested SO2 was a 

major component of the fumarolic emissions. Lack of experience in gas 

sampling techniques, difficult accessibility to most of the crater's 

fumaroles, and the generally noxious atmosphere which pervades the North 

Crater prevented the collection of good gas samples until the summer of 

1982. However, samples of thermal spring waters were obtained in 1975 

and 1976 and waters also collected from a boiling mud cauldron in 1982. 

Analyses of these samples, particularly those obtained in 1982, provide

154
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strong evidence that a cooling magma underlies the North Crater at 

relatively shallow depths.

Sample Collection

Samples of acid-thermal waters were collected from the floor of the 

North Crater on three separate occasions: 28 August 1975, 5 July 1976,

and 13 June 1982. The 1975 and 1976 samples were obtained from a small 

hot spring located in thermal zone 1 below the south rim. The 1975 

water sample was unfiltered; water temperature measured 86°C and field 

acidity was roughly pH 2.5-3.0. The collection and filtration of the 

1976 water sample followed the procedures outlined by Presser and Barnes 

(1974). Water temperature and pH were 70°C and pH 2.2 respectively. 

The 1982 sample was obtained from a turbulently boiling mud cauldron 

that had a temperature of 86.4°C. The sample was not filtered and 

treated until several hours after collection. The measured pH of these 

waters after cooling was 0.5.

On June 13, 1982 a descent into the crater was made with the aid of 

air-packs to counteract the effects of high altitude and to protect 

against toxic gases. The tanks had an air supply of one hour, about 

half of which was consumed ascending and descending the crater wall. 

Because of time constraints the high-pressure, super-heated fumaroles in 

the crater could not be sampled. Instead, a much smaller, moderately 

pressurized fumarole with a temperature of 86°C was chosen. This
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fumarole was about 5m from the mud cauldron and 10m from a highly-pres

surized super-heated fumarole.

A short piece of teflon tubing was inserted about 4-5cm into the 

vent and packed around with mud to help minimize air contamination. An 

evacuated lOOcc sample flask with a high-vacuum stopcock was attached to 

the teflon tube and fumarolic gases were allowed to flush air out of the 

stem of the collection flask. The stopcock was then opened and gases 

collected until pressure within the flask stabilized 0*1-2 minutes). 

About 2.7 ml of milky condensate was collected in the flask in addition 

to the gases. Upon cooling, yellowish flakes were observed to 

precipitate from the condensate fluid.

Methods of Analysis

Water samples from 1975 and 1976 were analyzed by T. Presser, U.S. 

Geological Survey, Water Resources Division, Menlo Park, California. 

The 1982 water samples were analyzed by M. Moorman, Alaska Division of 

Geological & Geohpysical Surveys, Fairbanks, Alaska. Cations were 

analyzed by atomic-absorption spectrophotometry; anions in the 1975 and 

1976 samples were analyzed by standard wet chemical techniques described 

by Skougstad and others, 1979. Anions in the 1982 waters were analyzed 

on a Dionex ion chromatograph.

The 1982 gas sample was analyzed by the author at the U.S.G.S., 

Menlo Park, by gas chromatography, using Porapak Q and Linde Molecular 

Sieve 5A for all gases except SC^. Concentrations of SC^ were deter
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mined by W. Evans, U.S. Geological Survey, Water Resources Division, 

Menlo Park, California, using a Teflon column packed with polyphenyl 

ether and phosphoric acid on Chrom T. The sample was analyzed about 9% 

months after collection.

Determination of (f^C-CO^ was performed on CC>2 gas from the sample 

at U.S. Geological Survey, Menlo Park, California. Analyses of cf^O and

JD in the waters were performed by R. Harmon, Stable Isotope

Laboratory, Southern Methodist University, Dallas, Texas.

Condensate was removed from the gas flask following completion of 

gas analysis. The water was filtered through 0.45-um Millipore filter, 

and analyzed for anions by ion chromatrography. A portion of the sample

was also analyzed for cf^O and cfb by R. Harmon.

Water Analyses

All three samples, and particularly the 1982 sample, were high in 

dissolved solids (table 17). The tri-lateral diagrams in figure 37 

compare the percentage cation and anion compositions of the acid thermal 

waters to seawaters and to brines emanating from mud volcanoes located 

west of Mount Drum and from mineral springs and mud volcanoes located in 

the central and west Copper River Valley.

Most of the cation constituents of the North Crater thermal waters 

were probably leached by the hot acid waters from volcanic rocks sur

rounding the spring conduits. Such acid breakdown of silicates would 

also introduce silica into the hot waters. The spring waters are
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Table 17. Analysis of acid thermal waters. Chemical compositions are
in mg/1; isotopic values are in permil., relative to SMOW.

Type Hot Spring Hot Spring Mud Cauldron

Date Sampled 8/28/75a 7/5/76a 6/13/82b

SiO 400 420 429
H 2 49C 18C 756°
Ca 410 480 1047
Mg 380 340 853
Na 500 350 716
K 5.5 6.0 144
Li 0.20 0.13 0.50
HCO — — —

S°4 3800 3850 8590
ci4 1500 150 26,040
F 1.4 7.1 1.0
Br n.d. n.d. 86
I n.d. n.d. 1.0
B I*0 e A5 ' 2d e I7 «pH 2.5-3.0 ;1. 36 2.2 ;1.7 0.5 ;0.12
Temperature °C 86 70 86
Specific Conductance 8360 6530 n.d.

{ B - V f -75(-108) — 103(—110) -109
tf o-32of -6.0(-5.6) -6.5(-6 .0) +0.1

d

T. Presser, Water Resources Division, U.S. Geological Survey, Menlo 
^Park, California, analyst 
M. Moorman, Alaska Division of Geological & Geohpysical Surveys, Fair
banks, Alaska, analyst.
|Acidity calculated as H+
Field determination 
^Denotes lab calculation 
R. Harmon, Southern Methodist University, Dallas, Texas, analyst. 
Parenthetical values: I. Freidman, U.S. Geological Survey, Denver, 
Colorado, analyst. The cause of the difference in the 1975 (fD-Ĥ O 
values between the two labs has not been resolved, 
n.d. = not done.

e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 37. Trilateral diagrams showing percentage cation and anion composition for North Crater 
acid-thermal waters, seawater, and brines emanating from mud volcanoes and mineral springs in
the Copper River valley. Data on the Copper River valley brines are from R. Motyka, Alaska
Division of Geological and Geophysical Surveys geochemical files. North Crater waters cluster 
near the center of the cation diagram reflecting acid-leaching of constituents from volcanic 
rocks. The anion distribution of the North Crater waters reflects the varying influence of
sulfur gases and gaseous HC1 at the ground surface.
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oversaturated with respect to amorphous Si02, the equilibrium concentra

tion of which is/^300 ppm at 86°C (Fournier, 1981). All three samples 

are rich in sulfate; the 1975 acid-spring waters and particularly the 

1982 mud cauldron sample also have relatively high concentrations of Cl. 

The 1982 sample also has significant amounts of Br. The Cl, S, and Br 

concentrations in the surrounding volcanic rocks are much too low to 

account for the concentrations of chlorides, sulfates, and bromide pre

sent in the spring and mud cauldron waters. The acidity of the thermal 

waters indicates these constituents are most likely derived from inter

action of volcanic gases with meltwaters. The Cl concentrations are 

particularly important because of implications they have regarding the 

nature of the deeper thermal system, as discussed later.

Fumarole Analysis

Water vapor was the most abundant constituent in the fumarole 

accounting for over 98 percent of the gas sample (table 18). The amount 

of water collected (2.67g) was determined by comparing the weight of the 

sampling flask before and after sample collection, with the amount of 

precipitate (3.5mg) and non-condensible gases (130mg) subtracted. After 

water vapor, C02 is the next most abundant constituent in the fumarole 

sample accounting for ~72 percent of the residual dry gases. The 

<f^C-C02 value of -6.72 permil is well-within values (-4.0 permil to 

-8.0 permil) proposed for mantle carbon (Truesdell and Hulston, 1980).

A surprising amount of S0„, the next most abundant constituent, is
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Table 18. Analysis of fumarole gas sample, North Crater, Mount 
Wrangell, Alaska . Date sampled: June 13, 1982. Collection
temperature: 86.4°C.

Mole % H^O relative to other gases in sample = 98.38

Volume (mole)%k mmoles collected

02 0.01 -
Ar 0.01 -

N? 0.81 20cK 71.91 1765
CO n.a -
CH, 0.01 -

0.01 -i 0.27 7

i: 0.01 -
27.00 663

He2 0.01 -

2,455

( f 13C -  C02°  -6.72

3R. Motyka, Alaska Division of Geological & Geohpysical Surveys, and W.
Evans, U.S. Geological Survey, analyst. Sample analyzed at U.S. Geo
logical Survey, Menlo Park, California.
Water-free basis.
L. White, U.S. Geological Survey, Menlo Park, California, analyst. 
Isotopic value in permil, relative to PDB. 
n.a. = not analyzed.
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present in the sample. Large percentages of SC>2 are commonly associated 

with high-temperature regimes, 7500°C (eg. Ellis, 1957). Of equal 

interest is the low level of H2 and the apparent absence of H2S 

suggesting a highly oxidizing environment.

The very low levels of N2 and Ar and absence of detectable 02 show 

air contamination of the gas sample to be very minor, probably ̂ 1.00 

percent of total dry gases (table 18). The small quantities of N2 and 

Ar present, may have entered through air saturated melt-waters or as 

small amounts of air entrapped in the flow with 02 quickly being used up 

in oxidation reactions.

X-ray diffraction analysis showed the precipitate collected in the 

flask to be almost entirely sulfur. S0^ was the predominate anion in 

the steam condensate with trace to minor amounts of F, Cl, Br, SO^ and 

SO^ also present (table 19).

Stable Isotope Analyses of Waters

Results of <f^0 andjD analyses of North Crater thermal waters and 

fumarole condensate are given in tables 17 and 19 and are also plotted 

in figure 38. Included on figure 38 are the meteoric water line defined 

by Craig (1961), the average value for cf^O and(fD determined for snow 

at the summit of Mount Wrangell (C. Benson, personal commun., 1982), and 

the isotopic compositions of stream waters and mineral spring waters in 

the Copper River Valley.

The 1975, 1976 and 1982 acid-thermal spring waters all show strong
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Table 19. Analysis of fumarolic gas condensate.
June 13, 1982.

Date collected

t̂moles

H O  condensate collected2Precipitate collected 0.0035 1093

bAnion composition : mg/1 mg collected jumoles collected

F tr _ _
Cl 5 0.013 0.4
Br° 20 0.055 0.7
S°3C 20 0.055 0.7
S°4 560 1.50 15.6

pH (lab) 1.94
dStable isotope composition permil relative to SMOW:

H?° (v)- H20 (v )
-144
-8.9

As sulfur; N. Veach, Alaska Division of Geological & Geophysical Sur
veys, Fairbanks, Alaska, analyst.
R. Motyka, Alaska Division Geological & Geophysical Surveys, Fairbanks, 
Alaska, analyst.
Note on analysis: The atomic weights of Br and SO^ are nearly identi
cal and separation of these two anion peaks on the ion chromatograph 
was not possible. The presence of SO was therefore inferred by 
analyzing the condensate twice with the sample treated with H 0^ before 
the second analysis. The decrease in peak area for the second run was 
attributed to the oxidation of SO^ to SO^ and the residual area was 
attributed to Br. Because SO^ could not be directly determined the 
^value given in the table is only approximate.
R. Harmon, Southern Methodist University, Dallas, Texas, analyst.
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Figure 38. Results of stable isotope analyses of North Crater thermal waters and
fumarole condensate. Values are relative to SMOW. Craig's (1961) meteoric water 
line, and the isotopic compositions of summit snow and Copper Valley stream waters 
and mineral spring waters are included for comparison.
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enrichments in both <j"̂ 0 and<^D relative to the summit snow. Isotopic 

enrichments similar to those at Mount Wrangell have been reported for 

steam-heated acid-springs in other thermal areas although the degree of 

enrichment is typically much less than seen at Mount Wrangell. Such 

enrichment has been attributed primarily to concentration by 

distillation; other factors affecting isotopic composition include 

exchange with atmospheric moisture and addition of condensing steam 

(Craig, 1963; Truesdell and Hulston, 1980).

The fumarole condensate is much lighter in and D than any of 

the acid-spring water samples, but is still enriched relative to the 

summit snow. Isotopic fractionation at summit boiling point tempera

tures would produce a vapor phase shifted by -5.7 and -33 in 

(5^0 and D respectively relative to the parent liquid waters. 

Boiling of recently melted snow would therefore produce a vapor phase 

whose isotopic composition was shifted opposite to that found in the 

condensate. Applying the same isotopic fractionation to the mud 

cauldron waters, however, would produce a vapor phase very similar to 

the condensate. In view of the proximity of the vent to the mud

cauldron waters, it is possible that at least a portion of the con

densate collected from the fumarole originated as vapor boiled-off 

from isotopically-enriched shallow-level meltwaters similar to the mud 

cauldron waters.

Enthalpy considerations discussed later indicate that much of the 

fumarole steam originated from deeper within the thermal system. If so, 

then the parent waters from which the steam evolved must be enriched in
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0 and D relative to summit snow. This is because during phase 

separation ^0 is concentrated in the vapor at all temperatures below 

the critical point; the isotopic difference between vapor and liquid 

disappears at the critical point and increases with decreasing 

temperatures. Below 220°C the light isotope of hydrogen is increasingly 

concentrated in the vapor with decreasing temperatures; between 221°C 

and the critical point, it is concentrated in the liquid but the 

fractionation difference is never greater than about +5 permil 

(Truesdell and Hulston, 1980) .

If summit meltwater is assumed to be the primary source of water

charging the deep system then these waters must somehow have become

enriched in the heavier isotopes. Isotopic shifts attributable to

exchange reactions with silicate rocks can account for, at most, about 
- f l 8+5 permil in 0 0; similar shifts do not occur for J D because silicate

rock contain little hydrogen (Truesdell and Hulston, 1980). Most of the 

isotopic enrichment could have been caused by evaporative fractionation 

of the charging meltwaters by boiling in the deep system.

Alternatively, the parent waters could be a mixture of meltwaters 

infiltrating into the deep system and waters from some other source. 

Magmatic waters are thought to have values ranging from +3 to +7

and ^ D values ranging from -35 to -70 (Truesdell and Hulston, 1980). 

Saline spring waters that emanate from mud volcanoes in the Copper River 

Valley west of Mount Drum have ^0 values of 0 to +4 and a £ D value 

of about -40. The isotopic composition of both these waters is far 

removed from the composition of the 1982 condensate, indicating that if
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these waters are present, they are considerably diluted with other 

waters.

Adjustments to Gas Analysis

The major modifying processes that can alter magmatic gases during 

their ascent to the surface are discussed by Nordlie (1971) and by 

Gerlach and Nordlie (1975b). The three major sources of change at and 

near the surface are atmospheric contamination, contamination by water, 

and gas reactions. Consideration of and adjustments for these effects 

allows restoration of a gas sample analysis to approximate better the 

original equilibrium composition.

Atmospheric Contamination

The absence of free and the very small amount of N2 show the 

North Crater gas sample was acquired with a minimal amount of air 

contamination. N£ in gas samples is normally considered to be primarily 

of atmospheric origin; also, ^  behaves essentially as an inert species 

and acts as diluent only (Gerlach and Nordlie, 1975a). The ^  present 

in the North Crater sample was therefore excluded from the analysis and 

the remaining constituents recalculated to 100 percent.
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Water Contamination

Waters present in the gas sample could have originated as 

1) magmatic water (i.e., directly exsolved from a magma; 2) as con

taminating waters from deep sources such as circulating ground waters, 

connate waters, etc.; and 3) as contaminating meteoric waters at and 

near the surface. Isotopic considerations have ruled out 1) as a major 

source of water in the fumarole and indicated that at least a portion of 

the steam originates as 3.

Another indication of surface water contamination is the exit 

temperature of the gas sample which was at the atmospheric pressure 

boiling point, well below equilbrium temperatures suggested by the gas 

composition. The reduction in gas temperature must have occurred very 

rapidly and gas reaction times must have been minimal to quench the 

abundant SC^ found in the sample. Although the gases were probably 

cooled to some degree by adiabatic expansion and conduction, much of the 

cooling could have been caused by interaction with near-surface waters.

A rough estimate can be made of the maximum possible near-surface 

water-contamination by assuming that the gases cooled entirely by 

heating and vaporizing near-surface ground-waters. Calculations were 

made for three different initial gas temperatures: 400°, 600°, and 800°C 

(table 20). The gases are assumed to cool rapidly to✓~'100°C through 

vaporization of near-surface waters. The contaminating waters are 

assumed to be at the pressure boiling point and the enthalpy of 

vaporization is taken to be 40.9 kJ/mole. Assumption of lower
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Table 20. Estimate of near-surface water-contamination of gas samples 
based on enthalpy considerations for three different initial gas 
temperatures. Enthalpy data from Robie and others, 1978.

Initial gas temperature, °C 400 600 800

Enthalpy relative to 100°C 
water vapor, kJ/mole

11.7 19.5 27.5

Moles of water at 100°C that 
could be vaporized per mole 
of high-temperature steam

0.29 0.47 0.67

Moles of near-surface
contaminating water in sample

0.034 0.048 0.060

Moles of original water 0.117 0.102 0.090

Percentage of water content in 97.94 97.66 97.35
sample, recalculated
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temperatures for the contaminating waters results in lowering the 

estimated near-surface water contamination. The change in enthalpy of 

the assumed high-temperature steam component when cooled to 100°C was 

used to calculate the amount of energy available to heat and vaporize 

near-surface low-temperature waters. Enthalpy changes over these 

temperature ranges for C02 and S02, the next two most abundant 

constituents, are roughly the same as for water vapor (Robie and others,

1978).

The highest estimate shows near-surface water contamination 

accounting for as much as 40 percent of the waters collected in the gas 

sample. But even at this maximum estimate, the remaining deep water 

vapor component would still account for over 97 percent of the original 

gases. Because of the uncertainties in deducing the actual amount of 

water contamination in the gas sample, the original composition of 98.3 

percent was retained in the adjusted gas composition in table 21.

Gas-reactions

The amount of N? collected in the gas sample (table 18) can be used 

to assess the maximum amount of oxidation that can be attributed to air 

contamination. Using the °2^2 atmosP^er^c ratio of 0.27 and assuming 

the 20 yumoles of N2 was entirely derived from air contamination, 5.4 

umoles of 02 would have been potentially available for oxidizing 

reactions. The high partial pressure of S02 in the sample flask could 

cause the following reaction within the condensate,
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Oxidation through air contamination would then give,

2H2S03 + 02 ^  2 H2S04 (38)

Reactions (37) and (38) can account for all of the S03 present in 

the condensate and at least some of the SO^. Additional SO^ may have 

entered the flask as a salt from the fumarolic vent that became 

entrained in the vapor flow.

Although no H2S was detected in the sample some H2S may have been 

present in the fumarole gases but was subsequently removed by reactions 

with 02 and SO,,, eg.,

H,S + 3/2 0 —  Ho0 + S0„

2H_S + SO.

(39)

(40)

(41)

2H20 + 2S

3S + 2H-0

The reaction given by (39) is thought to occur primarily at high- 

temperatures while (40) and (41) are primarily low-temperature reactions 

(Ellis, 1957; Casadevall and Greenland, 1981). The oxidizing reactions 

(39) and (40) can account for only about 8-10 jumoles of H2S which is 

about 1 percent of the S02 concentration if the 02 were solely derived 

from air contamination. Reaction (40) can account for only 11yumoles of 

the S precipitate. A more probable candidate for removal of large
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amounts of l^S and production of the sulfur precipitate, at least near 

the surface, is reaction (41). If the sulfur precipitate that formed in 

the sampling flask is assumed to have formed through reaction (41), 

about 73 jumoles of and 36 jumoles of SC>2 would have been removed from 

the gases upon and after collection. Together with reactions (37) and 

(38) this gives a maximum of 73 ̂ imoles of I^S and 710 ;umoles of SC>2 in 

the fumarolic gases before reaction. These are maximum values because

1) the precipitate may not be entirely S; 2) some of the precipitate may 

have entered the flask during sample collection; and 3) some or all of 

the sulfur may have entered as S2 rather then by reactions. The final 

adjusted gas compositions, given in table 21 are given for two cases: 1) 

assumes that all the sulfur present in the sampling flask, entered in 

the gas phase; 2) assumes the sulfur precipitate was produced through 

reaction (41). Both cases assume about 11 jumoles of SC>2 were removed by 

reactions (37) and (38).

Reactions (40) and (41) could account for the pervasive deposits of 

native sulfur found at shallow depths near most of the thermal areas 

within the crater and on its rim. Sulfur could also be produced by 

oxidation of S02 and H2S to form H2SO^ and subsequent oxidation of 

magnetite to form hematite and native sulfur as shown by,

6Fe304 + H2S04(1) ̂ 9 F e 203 + S° + ^ 0  (42)

(Stoiber and Rose, Jr., 1974).
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Table 21. Adjusted gas composition, volume (mole) percent.

h2o

C° 2

H2S
S

H2

Atomic ratios: 

C/S 

C/H

Case 1

98.30

1.17

0.45

0.07

0.005

2.24

0.006

Case 2

98.30

1.17

0.47

0.05

H/O/C/S 375.9/194.1/2.24/1.00
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Gas Equilibria

The importance of the gas chemistry and the presence of certain 

constituents in the thermal waters lies in what may be inferred from 

these data about the source region. By calculating equilibrium 

reactions between the various constituents in the system C-O-H-S under 

different temperature-pressure conditions, the gas composition most 

closely resembling the analysis in table 21 can theoretically be found 

and used to estimate the temperature and environment under which the 

North Crater gases equilibrated. Such an analysis requires considera

tion of numerous potential reactions among the various constituents, 

involves considerable calculation and lies beyond the scope of this pre

sent study. However, several inferences can still be made by drawing on 

results of such calculations made for other gas analyses and carried out

by a number of other researchers (eg. Ellis, 1957; Heald and others,

1963; Nordlie, 1971; Gerlach and Nordlie 1975a and 1975b).

Some pertinent features of the North Crater chemical analyses are 

summarized here for use in this discussion:

1. The substantial amount of SC>2 present in the system (27 

percent on a water-free basis) and low C/S ratio (2.28).

2. The absence of 0^ and the very low level of N2> indicating 

lack of air contamination.

3. The apparent absence of H2S.

4. The very low percentage of Hj.
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5. The volume of water vapor relative to other gases in the 

fumarole (97-98 percent).

6. The significant concentrations of Cl and Br in the mud 

cauldron waters.

How well the gas composition in table 21 represents the actual gas 

composition at the source depends on what, if any, reactions occurred 

during transport of the gases to the surface. Ideally, the gases should 

maintain the high-temperature equilibrium composition during ascent and 

have this equilibrium quenched prior to or during sample acquisition. 

Nordlie (1971), in examining gas reactions in fumarolic processes on 

Kilauea found evidence for the following sequence of quenching for the 

three major groups of gases: from highest to lowest temperature, the

carbon gases quench first, then sulfur gases, and finally, hydrogen 

gases. Nordlie found that quenching, in some cases, was rapid enough so 

that high-temperature equilibrium was preserved in all three gas groups. 

However, in the majority of cases the high-temperature equilibrium was 

best preserved in the carbon gases and then in the sulfur gases. One 

major influence resulting in lower predicted equilibrium temperatures 

for ^  was the addition of contaminating meteoric waters.

Drawing upon the work of Heald and others (1963) and Gerlach and 

Nordlie (1975b) the following rough generalization can be made: gases

containing high percentages of both SC^ and Hg are formed under 

high-temperature (800-1200°C) reducing conditions while gases containing 

a high percentage of SO2 but a low percentage of ^  are likely to have
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formed under more moderate-teraperatures (400-800°C) and oxidizing 

conditions. Several lines of evidence indicate the gas sample from the 

North Crater fumarole evolved from the latter type of environment.

The dominance of S02 over H^S in fumarolic gases is often used to 

infer a high-temperature source (Ellis, 1957; White and Waring, 1963). 

At high-temperatures and more reducing conditions the proportions of H2S 

and S02 can be controlled by the reaction

H2S + 2H20 ^ S 0 2 + 3H2 (4 3 )

with increasing temperatures favoring the right-hand side. However, the 

lack of appreciable H2 in the North Crater sample indicates only a very 

small portion of S02 could have been generated in this fashion. With 

oxidation by air-contamination ruled-out, the only way to produce the 

S02 gas composition appears to be under oxidizing conditions at the 

source. Examination of diagrams found in Gerlach and Nordlie (1975b) 

that show equilibrium gas compositions as a function of oxygen fugacity 

indicates that a sulfur gas composition similar to the North Crater 

sample must be produced at temperatures< 800°C unless conditions are 

extremely oxidizing.

The presence of S02 in the sample sets a minimum temperature on the 

last equilibrium temperature. Equilibrium diagrams in Ellis (1957) 

indicate SC>2 is not produced at temperatures 400°C. Reference to 

figure 39, taken from Heald and others (1963), suggests that below 

600°C, SC>2 should exceed H2S only under very oxidizing conditions. Thus
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MH N-NO QFM

log of 02 partial pressure, atm

Figure 39. Gas equilibrium diagram, taken from Heald and others (1963). 
The diagram shows the variation in gas equilibrium composition as a 
function of oxygen fugacity for a temperature of T = 627°C and 
total pressure of 1 atm. The diagram was constructed for a 
Kilauean gas having an atomic compositional ratio of of 
H/O/C/S=275/142/2.7/1.0. The ratio for the Wrangell sample is
378/195/2.3/1.0. The dashed lines are 02 pressures that might be 
found in magmas, as indicated by mineral assemblages: MH for the
combination magnetite-hematite (sometimes found in rhyolite), the 
QFM for quartz-fayalite-magnetite possible in basalt (Krauskopf, 
1979). The oxygen fugacities of most magmas lie between these ex
tremes.
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the temperature at which the North Crater gases equilibrated is likely 

to have been between 600 and 800°C.

Some further inferences regarding equilibrium gas concentrations 

can be made by reference to figures 39 and 40.

Figure 40, taken from Gerlach and Nordlie (1975c) shows oxygen 

fugacity as a function of temperature for a range of C-O-H-S gases 

typical of basaltic magmas. The HM (hematite-magnetite) buffer 

represents an upper limit for oxygen fugacity in possible magmatic gases 

while the QFM (quartz-fayalite-magnetite) buffer represents the lower 

limit; the NNO (nickel-nickel-oxide) represents an intermediate buffer 

line. Basaltic magmas typically have oxygen fugacities near QFM or NNO 

at 1000°C (Gerlach and Nordlie, 1975c). Andesitic magmas, however, are 

reported to have oxygen fugacities generally one order of magnitude 

greater than the NNO buffer line (Gill, 1980). Mount Wrangell is almost 

entirely composed of andesitic lavas (Nye, 1983). Any magma beneath the 

North Crater is likely to also be andesitic or perhaps more siliceous 

than andesite through cooling and fractionation.

Gerlach and Nordlie (1975c) found that the oxygen fugacity of most 

basaltic gases decreases less steeply with temperature than would be 

required to maintain equilbrium with the NNO and QFM buffers; hence most 

gases become oxidizing relative to these buffers with closed system 

cooling (fig. 40). A similar trend would be expected to occur with 

gases from an andesitic magma. Using figure 40 as a guide, the range of 

-log £0^ that might be expected for an andesitic magma which cooled to a 

temperature of 800°C would be 12 to 13 while a magma that cooled in a
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T °C

Figure 40. Negative logarithms of oxygen pressures for a range of C-O-H-S gases 
from 650° to 1100°C at 1 atm total pressure. Each gas (a, b, c, et cetera) is 
on NNO or QFM at 1000°C. The C/S and C/H of each bulk composition is shown by 
the table at the lower right. (From Gerlach and Nordlie, 1975c.)
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closed system to 625°C would have an expected range of -log f0^ of 14 to 

16.

The North Crater gas sample is slightly richer in sulfur (C/S = 

2.28) than the atomic ratio of C/S (2.68) used in construction of the 

diagram in figure 39. The diagram is based on a more water-deficient 

gas (C/H = 0.0060). Correction for near-surface water contamination 

would probably bring the C/H ratio in the Wrangell sample closer to that 

on the diagram, but is unlikely to have much effect on the equilibrium. 

Inspection of figure 39 suggests that for a -log fC^ of 14 to 15 (oxygen 

fugacities estimated for an andesitic magma cooled to 625°C) the general 

gas composition determined for the North Crater sample would be 

compatible with the equilibrium shown in the diagram. This comparison 

is not meant to imply that these conditions necessarily exist beneath 

the North Crater but only that they are plausible. A more accurate 

estimate of equilibrium conditions must await a more rigorous 

examination of gas equilibria reactions.

Gerlach and Nordlie (1975b) examined the effects of water con

tamination on gas composition. Addition of HjO has mainly a dilutional 

effect because of its high stability for T <1000°C. In large 

quantities, ^ 0  addition would tend to increase the level of oxidation 

slightly and cause a slight increase in SC>2 over [see reaction

(43)]. By examining evolutionary trends, Gerlach and Nordlie also 

suggested that water-rich samples could represent a late degassing stage 

in the history of the magma. The estimated temperature range of 

600-800°C and oxygen fugacity suggested by examining gas equilibrium
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diagrams indicate that this may be the case at the North Crater. This 

temperature range represents the range at which the gases were last in 

equilibrium.

Halogens

The Cl concentration of 26,040 mg/1 in the 1982 mud cauldron water 

sample is among the highest reported for acid-thermal waters in active- 

volcanic settings. Chloride-rich acid-sulfate thermal waters are much 

less common than acid-sulfate waters, and are usually associated with 

highly active volcanic vents (White and Waring, 1963; Ozawa and others, 

1970; Ivanoff, 1970). The mud cauldron is located several meters from a 

highly pressurized superheated fumarole and the waters in the cauldron 

are probably being heated by a subsurface flow of superheated steam and 

gases similar to that in the adjacent vent. HC1 gas is a major 

constituent of many high-temperature fumarole exhalations and of gases 

exsolving from cooling lava flows and pyroclastic flows; acid con

densates rich in Cl~have also been found in similar settings (White and 

Waring, 1963; Iwasaki and others, 1964; Stoiber and Rose; 1970; 

Sigvaldason, 1979). It thus seems reasonable to assume that the Cl in 

the mud cauldron waters originated from the interaction of HC1 gas with 

meltwaters near and at the surface of the crater floor. Indeed, 

cation-anion balance of the analysis in table 17 requires HC1 to be 

present in the waters.

A gas sample from the superheated vent could not be obtained and
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the existence of an HCl-gas component has not been directly confirmed. 

Analysis of the condensate from the sampled "boiling-point fumarole" 

showed a very low concentration of Cl but did show about 20 ppm of Br . 

Condensation of waters below the surface could have effectively removed 

the highly soluble HC1 gas but perhaps not the less soluble HBr gas. 

The presence of Br in the condensate itself suggests halogen gases are 

being evaporated from depth.

The Cl and Br concentrations in the mud cauldron waters are a 

function of input from fumarolic gases, evaporation (which would 

increase concentration) and of dilution by meltwater (which would have 

the reverse effect). Because the relative influence of these factors is 

unknown no quantitative estimate of HC1 and HBr gases can be made other 

than HC1 appears to be present in appreciable amounts.

The presence of HC1 gas has some implications for estimating 

subsurface temperatures. HC1 gas can form from reactions involving 

metal chlorides of the type,

H20 + 2NaCl + Si02^±"Na2 Si03" + 2HC1 (44)

with high temperatures favoring the right side of these reactions and 

where "Na^iO^" represents a number of possible stable silicates or 

alumino-silicates (Ellis, 1957). The presence of HC1 will depend not 

only on the temperature but also on the type of chloride system. For 

example, for a system containing CaCl2, HC1 could begin evolving at
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temperatures as low as 400°C while for a NaCl system temperatures would 

have to exceed 600°C.

Cl^ can also be exsolved directly from a magma. Evolution of Cl2 

would have an oxidizing effect as shown through a consequent change in 

C>2 arising from the reaction,

2H20 + 2 Cl2^± 4HC1 + 02 (45)

To increase 02 by an order of magnitude Gerlach and Nordlie(1975b) 

estimate HC1 must be present in amounts of 2-3 mole percent. Gerlach 

and Nordlie (1975b) examined the influence of halogen gases on C-O-H-S 

gas equilibria and found them to have little effect unless present in 

proportions approaching those of other major constituents.

HC1 could have evolved either directly from a magma or from re

actions with connate waters such as (44) or both. Large concentrations 

of gaseous HC1 have been found directly exsolving from magmas in many 

convergent margin, subduction-related volcanic settings (Sigvaldason,

1979). Gas inclusions in volcanic rocks from such settings are richer 

in Cl2 than those in rocks from other volcanic settings (Anderson, 

1974). In these cases, the increased Cl2 is suspected to originate by 

expulsion along with other volatiles from a subducted plate that is rich 

in marine sediments.

Mount Wrangell is 200 km from the coast so modern seawater circula

tion can be safely ruled out as a source of HC1.. HC1 could be derived 

from connate waters or perhaps ancient marine sediments. The Mount
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Wrangell volcanic rocks overlie Triassic Nikolai greenstones and 

Paleozoic diorite intrusives (Mendenhall, 1905), both of which could 

supply connate waters. Exposures of Cretaceous marine sediments do 

occur on the flanks of Mount Drum, 30 km northwest of Mount Wrangell 

(Richter and others, 1979), and such deposits may exist at depths 

beneath Mount Wrangell. Brines originating from Cretaceous marine 

sediments flow from mud volcanoes and mineral springs in the Copper 

River Valley and have Cl and Br concentrations as high as 14,000 ppm 

and 36 ppm (Motyka and Moorman, unpublished data).

At Mount Wrangell, even if marine sediments are exclusively the 

source of Cl at depth, an intense source of heat would still be 

necessary to cause reactions such as equation (44) to form HC1. In this 

active volcanic setting, a body of magma could easily be such a heat 

source.

The increased Cl concentration in the 1982 mud cauldron water 

correlates positively with the increased thermal activity at the North 

Crater through 1982. Cl concentrations in the acid-spring waters 

sampled in 1975 and 1976 were much lower than the 1982 sample. The 

geochemistry, however, cannot be directly compared because the waters 

came from two different sites within the North Crater.

The acid-springs sampled in 1975 and 1976 were tens of meters 

distant from any intense fumarolic vent. Other than the order of 

magnitude decrease in Cl~between 1975 and 1976, the chemistries of the 

two samples are very similar. The change in Cl concentration is 

puzzling. More HC1 may have evolved in 1975 than 1976 or, perhaps two
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different springs were sampled, the one present in 1975 drying up with a 

new spring evolving in the same general location in 1976.

Summary

The geochemical and isotopic evidence points to a degassing body of 

magma as the source of heat driving the North Crater thermal system and 

infiltrating meltwaters as the primary source of waters interacting with 

the magma. SC^ sets a lower limit of 400°C on the gaseous equilibrium 

temperature beneath the North Crater. Consideration of C-O-H-S gas 

equilibria suggests that temperatures exceed 600°C but are probably less 

than 800° and that the gases evolve under oxidizing conditions.

The gas sample collected from the North Crater is rich in steam. A 

portion of this steam possibly originated from near-surface boiling of 

meltwaters that had become isotopically enriched in and D through

evaporative distillation. Enthalpy considerations, however, show that 

much of the steam must have evolved from deeper in the system. Com

parison of isotopic compositions indicates any contribution of magmatic 

waters or connate brines to the parent deep water is minor and that the 

primary component of the deep water is most likely meltwater that has 

become isotopically enriched through evaporative fractionation caused by 

boiling at depth and exchange with silicate rocks.

The cT^C value of the fumarolic CC^ lies within the range of 

magmatic CO^ and indicates a degassing magma is the primary source of 

C0„ at the North Crater. The sulfur gases are probably also mostly
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derived from a degassing magma. The halogen gases may have a mixed 

origin, coming from both a magmatic source and from the heating of 

briney formation waters.

The acid-thermal waters within the North Crater were probably 

derived from the interaction of surface meltwaters with steam and hot 

volcanic gases ascending from the underlying thermal source. The 

concentrations of Cl in the 1975 water sample; of Cl and Br in the 

1982 water sample; and of Br in the 1982 fumarole condensate are 

evidence that HC1 and HBr gases at least periodically evolve to the 

surface from the thermal source. If the HC1 gases are derived from a 

hot brine, temperatures must be>400°C if CaCl2 is the controlling metal 

chloride and > 600°C if NaCl controls the evolution of HC1. Concentra

tion of metal chlorides can occur by evaporative depletion of waters 

overlying the heat source.

The large proportion of S02 and the presence of halogen gases 

suggest that a high-temperature heat source lies at a very shallow 

level, perhaps not more than a km beneath the North Crater. The abun

dance of water in the gas sample, the inferred high oxygen fugacity and 

the temperature range of 600 - 800°C estimated from gas equilibria dia

grams indicate the heat source is a degassing, crystallizing magma in 

the late stages of activity.
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CHAPTER VI - DISCUSSION

The major features of recent thermal activity at Mount Wrangell Caldera

are:

1) From the turn of the century to the mid-1960’s vigorous fumarolic

venting and eruptive activity were restricted to the West Crater.

Activity elsewhere in the caldera during this period consisted of 

mild fumaroles and steaming ground along sections of the caldera 

rim and the rims of the North and East Craters.

2) A large and rapid increase in thermal activity affected both the 

North and West Craters in the mid-1960's. The most prominent 

change at the West Crater occurred between 1965 and 1966. Although 

in progress in 1965, substantial increases in heat flow at the 

North Crater were not apparent until 1966 with a peak in activity 

occurring in 1968.

3) Since 1966 the North Crater has experienced large fluctuations in

heat flow with increases and peaks in activity occurring between 

the summers of 1966 and 1968 and between the summers of 1972 and 

1974. General declines and lulls in activity occurred between the 

summers of 1968 and 1972 and 1974 and 1978. The most recent 

increases in activity began between the summers of 1978 and 1979 

and have continued unabated through the summer of 1983.

4) A longer-term trend of increasing heat flow appears to be
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superimposed on the shorter-term fluctuations in thermal activity 

at the North Crater.

5) Thermal activity at the West Crater has declined since 1966 

although brief resurgences of heating may have occurred in 

1974-1976 and possibly 1978-1979. The magnitude of the decline and 

fluctuations in heat flow are much smaller in scale than those at 

the North Crater.

6) The level of thermal activity at the East Crater and in the Caldera 

has remained constant over the past 25 years and probably since at 

least the turn of the century.

7) The total amount of meltwater generated at the North Crater since 

1966 has surpassed the amount of water that can be reasonably 

accounted for strictly from vapor losses.

8) Up until 1980 the melt-rate at the North Crater has substantially 

exceeded the rate at which vapor was being lost to the atmosphere.

9) Glaciers on the northeast flank of the volcano began advancing some 

time after 1965. Current rates of advance range from 10 to

30 m/yr. Glaciers on other flanks of the volcano and elsewhere in 

the vicinity are not advancing and do not show any signs of 

increased activity.

10) The large concentrations of Cl in acid-thermal waters and of S02 

in fumarolic gases from the North Crater, particularly in 1982, 

point to the existence of a shallow, degassing body of magma as the 

source of heat driving the thermal activity.
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These observations pose several important questions regarding the 

thermal system of Mount Wrangell:

1) What is the nature of the subsurface thermal system?

2) What caused the rapid increase in thermal activity at the North and

West Craters in the mid-1960's?

3) How has the large influx of glacier meltwater influenced the 

subsurface thermal regime?

4) What is the cause of the fluctuations in thermal activity at the

North Crater and the comparatively milder variations in heat flow

at the West Crater?

5) Why has thermal activity at the North Crater continued to increase

over the long term while that at the West Crater continued to 

decline?

6) Can the advances of glaciers on the northeast flank of the volcano

he attributed to the increased activity at the summit caldera of

Mount Wrangell?

The data are generally insufficient to provide conclusive answers 

to most of these questions. However, they do provide constraints on 

possible explanations.

Magmatic Heat Source 

The continuous sections of effusive lava flows exposed on the
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flanks of Mount Wrangell attest to the long and extremely active 

eruptive history of the volcano. The high eruptive rate [up to an order 

of magnitude greater than any other circum-pacific volcano (Nye, 1983)] 

implies frequent movement and replenishment of magma from deeper levels 

beneath the volcano. The summit collapse caldera strongly suggests that 

a pool of magma currently underlies the volcano at shallow depths. 

Shallow bodies of magma have been inferred to exist at depths of 2.5 to 

10 km at several active calderas and volcanoes through seismic and other 

geophysical evidence [at Yellowstone (Otis and Smith, 1977), Long Valley 

(Steeples and Ives, 1976), and Kilauea (Ryan and others, 1981)], through 

heat flow studies in the Central Cascades Mountains (Blackwell, 1983), 

and through studies of thermal gradient holes at Newberry Crater 

(Macleod and Sammel, 1982).

Several lines of evidence indicate that thermal activity at the 

North Crater is directly related to a magmatic source. These include 

(1) the numerous high-pressure fumaroles (some of which are now super

heated) , (2) the abundance of S02, (3) the probable presence of HC1 gas, 

(4) the ^^C composition of the C02 and (5) the high concentration of 

S0^, Cl , and B , (and Br in 1982) in the associated acid thermal 

waters. This magmatic heat source could be a localized, shallow 

intrusive magma body directly beneath the North Crater (and perhaps the 

West Crater) or alternatively the subcaldera magma body itself. The 

presence of HC1 and S02, and the history of post-caldera eruptions from 

the North and West Craters, suggest a localized intrusive is more 

probable.
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The mechanisms by which heat is extracted from shallow magma bodies 

and transferred to the overlying and surrounding crustal rock is not 

well understood. To account for the large heat flows observed at many 

active volcanoes, particularly calderas, transfer of heat from the cool

ing magma to the surface must be primarily by convection rather than 

conduction (Lachenbruch and others, 1976). The cooling of magma bodies 

by convective flow of fluids has been extensively studied by Norton and 

Knight (1977) and by Lister (1974, 1976). Lister has suggested that the 

most likely and most efficient mechanism for cooling of a pluton is by 

the penetration of fluids through a system of cracks into the hot body 

itself. Thermal contraction due to cooling causes cracking and the 

production of a network of permeable channels (hydrofracturing). The 

cracks enable water to infiltrate the horizon of solidification. The 

thickness of the solidifying conductive layer separating liquid magma 

and the cracking boundary is estimated to be two meters or less (Lister, 

1976). The heat liberated per-unit-area, per-unit-time is the product 

of the cracking front velocity, the temperature change and the heat 

capacity of the rock. The results of Lister's analysis have indicated 

that this process can be effective to depths as great as 7 km and that 

heat fluxes from the surface of a cooling magma can be as great as 
21-2 kW/m provided sufficient water is available. Increased water 

pressures would enhance the efficiency of cracking and increase the rate 

of heat extraction. The general features of Lister's model were 

verified by observation of the effects of water pumped onto a molten 

lava flow at Heimaey, Iceland (Bjornsson and others, 1980). Heat fluxes
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generated by this operation were estimated to be up to 40 kW/m .

Assuming a shallow intrusive is the heat source for the North 

Crater (and West Crater) the question arises as to whether the body is 

1) residual magma remaining from either ring-dike intrusions following 

caldera collapse or 2) recently injected fresh magma. In the former 

case, extraction of heat by mechanisms described by Lister would rapidly 

chill a small body of magma. For example, using a heat extraction rate 
2of 1 kW/m , a magma body 1/2 km in dimension would cool to ambient 

temperatures in about^200 years. However, sealing of convection con

duits by deposition of SiC^ and other minerals could effectively re

strict fluid flow into and out of the region of the magma, thereby re

ducing the rate of cooling. The solubility of SiC^ increases rapidly 

with temperature; as SiC^-saturated waters cool upon migrating outwards 

from the body, precipitation and deposition of silica can seal conduits 

(Fournier, 1981). Subsequent fracturing of the SiC^-seal can re-intro

duce convective flow resulting in a release of energy. If the heat 

source is freshly injected magma, interaction of groundwaters and melt

waters from the North Crater could have rapidly chilled the advancing 

front of the ascending magma, perhaps forestalling or possibly 

preventing an eruption.

Causes of Increased Heating

Changes in the subsurface thermal system which would most directly 

lead to large changes in surficial thermal activity are an increase in

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



193

subsurface fluid permeability above a late-stage degassing magma, injec

tion of fresh magma into the subsurface region, or both. As suggested 

in the previous section, conduits feeding the North Crater could have 

become self-sealed with time by deposition of silica and products of 

hydrothermal alteration, leading to a highly over-pressured system. Any 

mechanism that could fracture such a sealed system, or produce new 

fractures, would release the over-pressured hot fluids, resulting in a 

rapid increase in heat flow.

An example of large scale changes in surficial thermal emission 

unrelated to eruptive activity occurred in Yellowstone National Park 

following the 1959 Hegben Lake magnitude 7.1 earthquake. Literally 

hundreds of thermal springs erupted as geysers in the first day after 

the earthquake; new thermal ground developed in several places for 

several years following the earthquake while adjacent areas declined in 

activity (Marler, 1964; Marler and White, 1975). The evolution of some 

of these latter features bears some similarity to events at Mount 

Wrangell. Marler and White (1975) directly attributed the increases and 

changes in thermal activity at Yellowstone to the Hegben Lake earthquake 

whose epicenter was ̂ 50 km northwest of Upper Geyser Basin. The seismic 

activity is thought to have caused fracturing of self-sealed shallow 

parts of the Yellowstone hydrothermal system which was confining high 

temperature water at pressures above hydrostatic. The fracturing also 

led to drastic changes in subsurface plumbing.

The correlation of increases in thermal activity of the North and 

West Craters on Mount Wrangell with the Alaska 1964 Good Friday magni

tude 8.3 earthquake was noted by Bingham and Benson (Bingham, 1967;

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



194

Benson, Bingham, and Wharton, 1975). Although the epicenter of this 

earthquake was 200 km southwest of Mount Wrangell, vertical ground dis

placements of 0.3 m were geodetically measured near Glenallen and 

Chitina, located about 50 km west and south, respectively, of Mount 

Wrangell. Davis and West (1973) found that topography affected the 

amplitudes of seismic waves arriving at the tops of three different 

mountains in California, with peak seismic amplitudes at the summits 

increasing by factors of 1.5 to 4.0 over amplitudes at the base of the 

mountains. The difference between the base station and crest elevations 

in these studies were 200 m, 425 m, and 1,070 m. Similar amplification 

of seismic waves from the 1964 Good Friday earthquake at Mount Wrangell, 

where base to crest altitude differences are 3 km, would have produced 

violent shaking of the upper parts of the caldera thermal system. 

Seismically induced fracturing and rupturing of self-sealed conduits, 

then, seems a plausible hypothesis to initiate the increases and changes 

in thermal activity at Mount Wrangell.

The resulting increases in fluid flow and release of pressure could 

have resulted in a feed-back mechanism which could partially account for 

the evolution of heating at the North Crater. Depressurization of con

duits under the North Crater could have caused large scale hydrofractur- 

ing by thermal expansion and flash steaming of water entrapped in small 

self-sealed compartments, thereby further increasing permeability. A 

similar mechanism of hydrofracturing was advanced by Marler and White 

(1975) to explain the evolution of thermal activity at Seismic Crater in 

Yellowstone National Park. At Mount Wrangell increased heat flow at the
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surface also resulted in large increases of meltwater. Drainage of this 

water into subsurface superheated rock and subsequent thermal expansion 

and flashing of this water into steam would further increase conduit 

size and the rate of heat extraction. As permeability increased, fluid 

flow and therefore heat flow would increase; this would result in more 

meltwater, and increased efficiency of hydrothermal convective heat 

transport. Such a cycle may have been at least partially responsible 

for the rapid increase in heat emission from the North Crater after 

1965-1966.

A magnitude 7.4 earthquake centered 200 km southeast of Mount 

Wrangell in the St. Elias Mountains, occurred on February 28, 1979. 

Ground motion from this earthquake was moderately felt throughout the 

Copper River Basin. Benson (personal commun., 1982) has suggested that 

the most recent increases in thermal activity at the North Crater may be 

related to this earthquake. Although it is not known exactly when this 

most recent episode began, glacier calorimetry and aerial observations 

unequivocally verified that large increases in thermal heating were well 

underway by April, 1979. Glacier calorimetry suggests that increases in 

activity in thermal zone 5 may have occurred as early as 1977-1978, which 

predates the earthquake. However, uncertainties in the calculated heat 

flows are too large to be certain that this increase actually occurred.

No earthquakes were associated with the 1972-1974 peak in thermal activity.

Although the seismic fracturing of an over-pressured sealed 

reservoir can account for the major features of North Crater thermal
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activity, the possibility of a rising magma body, or both, cannot be 

dismissed. Increased thermal activity has preceded eruptions at Taal 

Volcano in 1965 (Minikami, 1974), Ruapehu Volcano, in the 1960's 

(Dibble, 1974), and at Soufri&re (St. Vincent) in 1971 (Aspinall and 

others, 1977). In such cases increased fumarolic activity may reflect 

the initial release of heat through new fractures that emanated from the 

body of magma. On the other hand, many eruptions appear to occur with 

little or no evidence of increased surficial thermal activity months, 

weeks or even days prior to the eruption. Apparently in such cases 

magma ascent is too rapid to allow development of hydrothermal activity.

Large and sudden thermal increases, apparently unrelated to either 

seismic or impending eruptive activity, have also occurred in volcanic 

areas. A notable example is Sherman Crater on Mount Baker, Washington, 

which in 1975 experienced sudden increases in thermal emission quite 

similar to those observed at the North Crater on Mount Wrangell. 

Despite the increased heat emission, however, other geophysical and 

geochemical data on Mount Baker provided no evidence of an impending 

eruption and none has yet occurred (Frank and others, 1977). A 

possibility at both the North Crater and Sherman Crater is that rapid 

influx of meltwaters may have chilled an ascending magma and quenched an 

eruption, particularly if the magma had already become quite viscous by 

prior cooling and fractionation to a more silicic composition.
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Meltwater Influx— A Proposed Cause of Thermal Fluctuations

The large fluctuations in heat flow are a striking feature of the 

recent thermal activity at the North Crater. Periodic changes in 

thermal activity have been observed at other volcanoes but as far as the 

author is aware none has been documented to be as regular in cycle or 

similar in style to the thermal pulses observed at the North Crater.

Data for other active volcanic centers and related thermal fields 

usually consist of periodic measurements of temperature or fluid 

chemistry and other isolated observations that may not have been repre

sentative of long term trends. The advantage of studies at North Crater 

has been the ability to use the glacier as a calorimeter to measure heat 

losses.

The availability of glacier ice and meltwater derived from it sug

gests a major difference between the North Crater and most other hydro

thermally active volcanic craters. At the summit of Mount Wrangell pre

cipitation is continually captured and stored as glacier ice. The 

volume of glacier meltwater generated by the large increases in heating 

at the North Crater probably water-saturated the region immediately 

underlying the crater and the deeper parts of the thermal system as 

well. This invasion of the subsurface region by such massive amounts of 

water must have exerted some influence on the overall thermal regime of 

the crater and the meltwaters are considered here to be a primary candi

date for explaining the fluctuations in thermal activity at the North 

Crater.
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The initial increases in heating in the ice-filled Sherman Crater 

on Mount Baker were quite similar in style to those which occurred at 

Mount Wrangell. However, periodic long-term glacier calorimetry was not 

attempted at Mount Baker and the author is unaware of any additional 

work which would document long term trends in heating of Mount Baker. 

Sherman Crater differs from the North Crater in two respects: 1) it is

much smaller, and 2) much of its meltwater drained rapidly through a 

breach in its rim.

Another case where glacier meltwaters interact with a geothermally 

active volcano is Grimsvotn, a caldera located in the Vatnajokull ice 

cap, Iceland. There, meltwaters generated by subglacial geothermal 

heating and surface ablation collect in a reservoir lying within the 

caldera and beneath the ice cap. As water accumulates, water level 

rises until bouyancy is sufficient to lift the ice cap off a subglacial 

bench on the rim of the caldera (Bjornsson, 1974). Rapid release of 

waters from the reservoir ensues, resulting in catastrophic floods 

(called jokulhlaups), below the glacier terminus. In recent times 

floods from Grimsvotn have occurred every five to six years. Grimsvotn 

differs from the North Crater mainly in that it is much larger and has 

been a continuously active hot water system since at least the 

fourteenth century.

Outline of Hypothesis

Figure 41 provides a schematic model of the thermal system en-
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Figure 41. Schematic model of the thermal system envisioned to underlie 
the North Crater.
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visioned to underlie the North Crater. The principal elements are 1) a 

heat source, presumed to be a shallow-lying magma body, 2) permeable 

host rock which allows convective flow of fluids between the intrusive 

and the ground-surface and serves as a reservoir for storage of heat and 

excess water, 3) vapor flow as the primary mode by which heat is trans

ferred from the intrusive to the ground-surface, and 4) meltwater 

generated from ice within the crater as the source of most of the water 

interacting with the intrusive. Vapor flow is taken to be concentrated 

primarily in major conduits such as those which feed the high-pressure 

fumaroles that lie along the floor of crater. Downward flux of melt

waters and condensed vapor is shown schematically to occur primarily in 

the peripheral regions along minor conduits and channels. Mass is lost 

from the system through vapor emission to the atmosphere and by lateral 

drainage of waters.

Before the current increase in heat flow, which began in the 

mid-1960's, glacier ice within the North Crater appeared to be in 

equilibrium with geothermal heating. The estimated pre-1965 meltwater 

was about 0.4 m/yr water equivalent. Some of this water probably 

drained away from the system but a portion must have percolated down 

deeper into the system and helped sustain the equilibrium convective 

flow supplying heat to the ice-rock interface and snow-free crater rim. 

The suggested stages in the evolution in heating are now outlined.

Stage 1: Initiation of heat flow and glacier melting. The

fracturing of self-sealed channels above a late-stage but still hot
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magma body initiates a sudden increase in heat flow beneath the North 

Crater. Groundwater becomes heated, begins ascending and warms over

lying rocks. As the host rock and groundwater increase in temperature, 

vaporization begins and heat flow gradually begins affecting the ice- 

rock interface. Increased melting of glacier ice ensues and large 

amounts of meltwater begin percolating downwards towards the heat 

source. The delay in time before this water interacts with the heat 

source is a function of rock permeability, pressure gradient, depth to 

heat source, and depth of water table.

Stage 2; Acceleration of heat extraction and melt rate. During 

the initial stages, water in the pore spaces immediately surrounding the 

heat source is boiled off and the zone becomes super-heated. Meltwater 

initially entering this zone is rapidly vaporized which increases heat 

extraction and heat flow to the surface. The increasing heat flow re

sults in an accelerated melt-rate.

State 3: Quenching of the vapor phase. Eventually the rate of

meltwater influx will exceed the vaporizing capacity of the heat source, 

and meltwaters will begin accumulating over the heat source. The 

increase in water column height causes an increase in the amount of heat 

absorbed by the water-rock reservoir. More energy will be required to 

raise the waters to boiling point thereby reducing the rate of 

vaporization. A rapid influx of meltwaters can thus effectively quench 

much of the vapor phase and drastically reduce heat flow to the surface.

Stage 4; Re-establishment of vapor flow. The time required to 

re-establish significant vaporization of reservoir waters is a function
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of the rate at which heat is extracted from the heat source, the thermal 

inertia of the combined water-rock reservoir, and the rate at which 

meltwater infiltration decelerates. The reduction in heat flow to the 

surface results in a corresponding reduction in melt-rate and, there

fore, in the rate of water influx into the deeper system. The rate at 

which waters accumulate over the heat source gradually diminishes and 

reservoir waters are gradually brought to the boiling point until the 

rate of vaporization exceeds the rate of meltwater infiltration.

Stage 5: Accelerated vaporization from water reservoir. As the

rate of vaporization in the reservoir begins to exceed the rate of melt

water intrusion, the water pressure will drop. The resulting decline in 

boiling-point temperatures in the reservoir causes an increase in the 

rate of vaporization which further reduces pressure and boiling-point 

temperatures, leading to a geyser-like accelerated pace of vaporization. 

As the boiling-point declines, conductive transfer of heat stored in the 

reservoir rocks further contributes to vaporizing the reservoir waters. 

The rapid increases in heat flow once again increase the melt-rate at 

the ice-ground interface. Whether the deep system temporarily goes dry 

depends on 1) the volume of waters in the reservoir before accelerated 

vaporization, 2) the power of the heat source and the rate at which heat 

is conducted from the reservoir wall rock, and 3) the delay in time be

fore meltwaters once again flood the heat source.

State 6: Re-initiation of the cycle. Meltwaters once again 

accumulate over the heat source and States 3 through 5 are repeated.

After 1980 the thermal activity, rather than declining as it had
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two previous times, continued to increase. One possible explanation for 

this change in style is that by 1980 most of the glacier ice within the 

North Crater had already melted resulting in a much lower rate of melt

water generation. The volume of water flowing into the deeper system 

may have become insufficient to quench the heat source. Alternatively, 

the heat source itself may have strengthened, or perhaps a combination 

of these mechanisms is responsible for the continued increases.

For the preceding hypothesis to be plausible, it must be compatible 

with the constraints imposed on the system by mass balance and time 

considerations.

Time Constraints

The first time constraint considered is the duration of a thermal 

pulse, i.e., the time between the onset of rapidly increasing and 

rapidly decreasing heat flow. Glacier calorimetry indicates that for 

the first two peaks (eg., 1966-68 and 1972-74) this period is on the 

order of two years (cf. figs. 23, 24. 25, and 26). In this hypothesis 

the period would correspond to the delay between the initiation of 

increased heating (and associated melting) and the time it took the 

meltwater to reach the heat source and begin quenching the vapor phase. 

The time lag, then, is essentially a function of water infiltration 

velocity.

Fluid flow through fractured, permeable rock can be adequately 

described by the empirical relationships between fluid flow potential,
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rock and fluid properties, and the fluid velocity given by Darcy's law,

v (46)

where f  is the fluid density, v is the fluid velocity, is the rock 

permeability, /a is the fluid viscosity, V  P is the pressure gradient, 
and g is the acceleration of gravity. By setting VP = 0, equation (46) 

can be used to find the maximum possible water velocity as the free 

viscous flow down permeable channels,

v  = Vlpft ■ (47)

The range in fluid viscosity for water ranging in temperature from

0° to 100°C is 17.8 to 2.84 millipoise (0.01 kg/m-s). Permeabilities

typical of fractured geothermal areas are 10 *2 to 10 12m2 (Henley and

Ellis, 1983). Assuming that the infiltrating waters are rapidly heated 
3

to 100°C, at which = 0.96 t/m , the range of infiltration velocities 

for these permeabilities are

v = 1000 to 100 m/yr. (48)

If the depth to the heat source is assumed to be 1 km then this 

velocity range would be compatible with the delay time predicted from 

the width of the heat-flow peaks. Colder waters, lower permeabilities, 

or deeper heat source would give longer delay times; warmer waters,
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greater permeabilities or shallower heat source would reduce the delay 

time.

The second time constraint considered is the length of time between 

the end of one peak in thermal activity and the onset of the next. 

Glacier calorimetry measurements show this period to be on the order of 

four years, eg., 1968-72 and 1974-78. In the present hypothesis this 

period would correspond to the time required to heat the meltwaters that 

rapidly accumulate over the heat source (following an episode of in

creased heating) to the boiling point so that increased vaporization and 

heat flow can recommence. A rough estimate of this time delay is ob

tained by assuming the waters rapidly accumulate to a height , above 

the heat source and have an initial temperature of T^. Conduction of 

heat between the water and the wall-rock is assumed to be rapid enough 

so that the conductive time delay in heat transfer can be ignored. (For 

a typical rock thermal diffusivity of 1.1 X 10  ̂ m^/s, the 

characterestic conductive length is 12m and the conductive time is r*> 1 

year. Spacing between channels is probably << 12m.) The following 

reservoir characteristics are used:

The initial enthalpy of the water-rock column above the heat source is

= 963 (J/kg)/°K, specific heat, 

p r  = 2.7 t/irf*, rock density,

p = 0.05, porosity.
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h l = [(0.05) Cw + (0.95) f rCr] Z1 (49)

The water-rock column is then brought to the saturated boiling point 

throughout the column and the enthalpy of the column is given by

where T2> the saturation boiling point temperature of water, is a 

function of hydrostatic pressure.

The amount of heat per-unit-area extracted from and stored in the 

reservoir is then

^ h  = h2 - h^ (51)

Table 22 summarizes enthalpy calculations for initial water column

heights of 100 and 200 m. The water-rock column is assumed to be

initially at a temperature of 100°C. The average heat flow from the

North Crater is on the order of 100 MW over an area of 0.5 X 10̂  m^ for
2an average of 200 W/m . The time required to increase reservoir 

2enthalpy bydh, using 200 W/m as the rate of heat extraction from the 

heat source, is given in column t̂  and ranges from 2.3 years for Ẑ  = 

100 m to 6.6 years for Ẑ  = 200 m. Column gives the delay times for

a rate of heat extraction from the magma source of 1 kW/m^. Greater

initial reservoir depth or lower initial temperature would require cor-
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Table 22. Summary of enthalpy calculations of water-rock reservoir 
overlying heat source. See text for discussion.

Water column 
height, m

2 10 Enthalpy, J/m x 10 Time delay, yr

100

200

4.10

9.50

1.42

4.14

2.3

6 . 6

0.5

1.3

Based on a rate of heat extraction of 200 W/m ,
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respondingly longer time periods and vice versa.

The actual mechanics of heat transfer are surely much more com

plicated than the simplistic approach used for these enthalpy calcula

tions. However, the range of values used is probably realistic for the 

North Crater system and the calculations suggest the general features of 

the hypothesis are compatible with time constraints imposed by the sur

face heat flow data. Without better knowledge of the subsurface condi

tions a more rigorous analysis does not seem warranted.

One important aspect of the water-rock reservoir enthalpy con

siderations is that once accelerated vaporization begins, the large 

amount of heat stored in the rock becomes available to further increase 

the rate of vaporization. About 90 percent of the heat absorbed and 

stored in the reservoir resides in the wall rock. Thus an excellent 

dual mechanism exists for accelerated vaporization: 1) once vapori

zation exceeds influx of water, the reduced pressure accelerates vapori

zation; 2) as pressure decreases waters boil and cool to lower tempera

tures, causing heat to be conducted from the hotter wall-rock and 

further increasing the rate of vaporization.

Mass Balance Considerations

The meltwater-quenching hypothesis must be shown to be consistent 

with what is known about the volumes and rates of melting. A corollary 

mass-balance question is what has happened to the meltwater in excess of 

what can be accounted for by vapor loss.
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Accurate measurements of ice loss and meltwater generation within 

the North Crater were obtained through photogrammetry (table 8). Esti

mates of vapor losses, however, are much less reliable and are based on 

several assumptions regarding heat losses in ice-free areas (p. 121).

The total interior melt for the 14 year period (1966-80) was measured to
9 9be 32.4 x 10 kg, while vapor losses were estimated to be 4.9 x 10 kg.

Thus, unless the vapor losses have been underestimated by nearly an

order of magnitude, much of the meltwater that has percolated down must

have drained out of the system or is being stored, or a combination of

both. For an assumed rock porosity of 5 percent, and a reservoir area

equal to the North Crater (0.5 x 10̂  m^) the height of the reservoir

would have to be over 1 km to accommodate all of the unaccounted-for

meltwater. Given the high topographic position of the North Crater and

the probable high permeability of the lava and pyroclastic rocks that

comprise the flanks of the crater and caldera rim, it is much more

probable that a significant fraction of the meltwaters has drained

laterally away from the system under a hydraulic gradient. Storage of

waters in a high-level reservoir would probably be a temporary situation

governed by the rate of meltwater influx, relative permeabilities of the

country rock and, under the proposed hypothesis, the rate at which

waters are boiled off from the heat source.

An estimate of the fraction of meltwater that is lost by lateral 

advection can be obtained by examining the rates of meltwater generation 

during various phases of activity at the North Crater (table 23). The 

rates of melting declined with each successive peak in activity because
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Table 23. Average rate of meltwater generation, interior of North 
Crater, 1966-1980

Period* Activity H O O Average,

pre-1966 low - 6

1966-1968 peak 8.42 134

1968-1972 lull 9.05 72

1972-1974 peak 7.08 108

1974-1978 lull 3.88 30

1978-1980 peak 4.11 64

*Between summers of stated years.
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the area of ice covering the regions of intense heat flow diminished 

with time. Under the proposed hypothesis, the greater amount of melt

water generated during the earlier years of thermal activity was suf

ficient to percolate down and to accumulate over the heat source. The 

increased hydrostatic pressure caused a temporary quenching and reduc

tion in vapor generation thereby reducing heat flow reaching the sur

face. The smaller amounts of meltwater being generated since 1979 

appear to be insufficient to quench the heat source. If this is the 

case, then the heat flow at the heat source boundary must be great 

enough to vaporize the influx of meltwaters to prevent an accumulation 

of waters. Table 23 gives the average rate of meltwater generation for 

1978-80 at 64 kg/s. From table 13, the total heat flow from the North 

Crater for 1978-80 was estimated at about 100 MW. From table 14, case 

2, the estimated average rate at which vapor was lost from fumaroles and 

exposed ground during this period was -̂<27 kg/s. Thus, a balance of 

about 37 kg/s, or roughly 60 percent of the average melt-rate could be 

attributed either to storage elsewhere or, more probably, to lateral 

drainage from the system. As a check, a similar percentage of water 

loss can be applied to the 1972-74 episode of heating. From table 23,

the total amount of meltwater generated between 1972 and 1974 was 7.08 x 
910 kg. If 40 percent of this water accumulated over an area equivalent 

to that of the North Crater (~0.5 x 10^m^), and reservoir rock porosity 

is five percent, the water-column height would be ^120 m. A similar 

analysis for the 1966-1968 episode results in an estimated column height 

of^140 m. Comparison with table 22 shows this result to be consistent
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with estimates of water column heights imposed by the second time 

constraint.

The main points of the proposed hypothesis thus appear to be con

sistent with the time factors and mass balance considerations imposed by 

the data. The system is certainly more complex than the simple model 

presented above. For example, the rate of lateral drainage of waters 

will surely influence the height of the water column overlying the heat 

source. Thus, changing pressures in the water column are not only a 

function of vaporization vs. meltwater influx, but also of the rate of 

leakage away from the system. Nevertheless, the proposed hypothesis 

appears to provide a reasonable, self-consistent explanation of the 

thermal fluctuations observed at the North Crater.

Effects on Northeast Flank Glaciers

The apparent correlation of the advance of the glaciers on the 

northeast flank of the volcano with the increased heating of Mount 

Wrangell suggests a possible cause and effect relationship. If so, then 

a very rapid response to the increased heating took place. Conductive 

heat transfer from the heat source and conduits supplying the increased 

heat flow to the North Crater would have been much too slow to affect 

the glaciers in such a short time. Lateral drainage of heated meltwater 

from the North Crater and its surroundings, however, could have had a 

more immediate effect on glacier flow. In the preceding section lateral 

drainage was estimated at 60 percent of the total melt-rate. Using this
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estimate, meltwater draining away from the crater during the 1972-1974 

period would have averaged 60 kg/s, at least half of which would pre

sumably drain to the northeast. If these waters were initially at 

100°C, about an equivalent amount of basal glacier ice that was already 

at the pressure melting point could be melted by these waters. If the 

glaciers were already sliding, the addition of such relatively small 

quantities of waters would probably not significantly increase the basal 

sliding velocity. However, under the climatic conditions prevailing on 

the upper slopes of the volcano, it is possible that the base of the 

glaciers were frozen to their beds prior to the increased heating. If 

so, hot waters flowing down and concentrating near the glacier bed could 

have caused a sudden increase in basal ice temperatures, bringing them 

to the pressure-melting point and thereby inducing basal sliding.

Robin (1955) and Clarke (1976) have proposed such a thermal 

instability mechanism to explain periodic glacier advances and surges. 

Robin's (1955) model for temperature distribution in simple ice sheets 

was used to obtain an estimate of geothermal heat flux required to bring 

the basal ice to the melting point (and thus allow basal sliding) for 

conditions at and near the summit of Mount Wrangell. Ice thickness on 

the flank of the volcano was taken to be 250 m and ice velocity due to 

plastic deformation was assumed to be ̂  100 m/yr. The latter would 
2produce about 160 mW/m of frictional heat. Calculations indicate that 

for a mean annual surface temperature of -20°C and an annual accumula

tion of 1 m/yr water equivalent, the geothermal flux must be ̂ 340 mW/m^ 

to produce basal melting. If 30 kg/s of water are draining from the
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North Crater to the northeast at a temperature of <~'100oC, then the 12.5
2MW of power is enough energy to bring a minimum area of.~/40 km to the 

melting point, under the assumed conditions. Much of the northeast
2flank is above 3,000 m (^40 km ), has a probable mean annual surface 

temperature of -14°C or less, and thus could be affected by basal 

thermal instabilities due to increased geothermal heating.

In a recent study of northeast and west flank glacier velocities, 

Sturm (1983) found that the west flank glaciers flow 50 percent faster 

in summer than winter while northeast flank glaciers flow at a uniform 

velocity year round. Sturm attributes the uniform flow and advance of 

the northeast glaciers to a year-round source of subglacial waters. 

Waters draining from the North Crater appear insufficient to sub

stantially affect subglacial water conditions over an area as large as 

the northeast flank of the volcano. Increased heating may thus be also 

occurring on the flank itself in addition to the North Crater in order 

to account for the uniform flow.

The response time for transferring ice mass from the upper slopes 

to the termini must have been very fast to have caused the West Copper 

and MacKeith Glacier advances in just a few years time. A kinematic 

wave generated by an increase in precipitation took about 16 years to 

descend and reach the terminus at the Nisqually Glacier (~6.5 km long) 

on Mount Rainier (Hodge 1972). However, responses to basal ice in

stabilities can be much more rapid. Although not well understood, 

glacier surges appear to be induced by basal instabilities (though not
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usually thermal) and once begun, terminus advance can occur within one 

to three years.

North Crater-West Crater —  Inter-connected Plumbing

The general decline in heat flow at the West Crater that has 

accompanied the large increases in thermal activity at the North Crater, 

and the correlation of several events between the two craters, indicates 

that some type of interconnection exists between the two vents. An 

interconnection might be expected because the two craters lie within 1 

km of each other along the caldera rim. However, from at least the 

turn-of-the-century to 1965, the North Crater was essentially dormant 

while the West Crater had continuous fumarolic activity and several 

eruptions. Apparently the magma body causing the disturbances at the 

West Crater was somehow blocked from influencing the North Crater. As 

discussed previously, inactivity at the North Crater before 1965 could 

be attributed to self-sealing of conduits leading from the heat source 

to the crater.

Once the conduits were re-opened, thermal fluids apparently were 

re-channeled to the North Crater. However, it should be noted that the 

initial increases in heat flow, although occurring at both craters, were 

at first much more apparent in the West Crater. Thus, if the increases 

were caused by seismic fracturing of self-sealed conduits, then such 

fracturing must have released energy to both craters. Since 1966, heat 

flow at the West Crater has declined substantially while thermal
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activity at the North Crater has increased. This reversal in activity 

between the two craters suggests that the conduits beneath the North 

Crater have now become more direct and efficient pathways for fluids 

evolving from the heat source than conduits beneath the West Crater. 

However, the decline in activity at the West Crater has not been of the 

same order of magnitude as the increases at the North Crater, indicating 

that an overall increase in heat flow has occurred and not just a simple 

shifting of activity from one crater to the other.
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CHAPTER VII - SUMMARY

The primary objectives of this study were to document and explain 

the increases and fluctuations in thermal activity that have occurred 

recently at the North and West Craters of Mount Wrangell's summit 

caldera. The 4,300 m Mount Wrangell is one of several massive glacier- 

clad, andesitic volcanic centers that comprise the western Wrangell 

Mountains in south-central Alaska. The summit caldera is a young 

feature, probably late-Pleistocene to early Holocene in age, that 

exhibits appreciable thermal activity along its rim and on its southwest 

flank. Three post-caldera craters lie along the rim and have varying 

degrees of solfatara activity. Historical eruptions have been confined 

to the West Crater. Mount Wrangell is the only volcano in the Wrangell 

Mountains that is presently active.

Documentation and measurement of heat flow and changes in thermal 

activity were primarily accomplished through aerial photogrammetry and 

glacier calorimetry. Additional evidence on the nature of the sub

surface thermal system was obtained through chemical analyses of thermal 

waters and fumarolic gases collected from the North Crater.

Glacier calorimetry was based on determining the melt-rate at the 

base of glaciers contained in the craters and caldera. A balance equa

tion relating the net volumetric change in ice to additions and losses 

caused by accumulation, compaction, ice flow, and basal melting was 

used to determine the melt-rate. Rates of accumulation were determined 

through snow pit studies and annual measurements made at accumulation
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markers. Compaction rates were estimated from an expression relating 

compaction velocity to accumulation rate, initial snow density and den

sity at the base of the glacier. Ice flow rates were estimated from 

glacier velocity measurements and ice thickness. Ice volume changes 

were calculated from photogrammetry and glacier surveys. Vertical 

aerial photographs are available for 1957 and annually from 1972 to 

1983. Glacier surveys in 1961 and 1965 and oblique aerial photos from 

1968 to 1971 helped bridge the photogrammetric gap between 1957 and 

1972.

From the turn of the century to the mid-1960’s vigorous fumarolic 

venting and eruptive activity were restricted to the West Crater. 

Activity elsewhere in the caldera during this period consisted of mild 

fumaroles and steaming ground along sections of the caldera rim and the 

rims of the North and East Craters. A large and rapid increase in 

thermal activity affected both the North and West Craters in the 

mid-1960's. The most prominent change at the West Crater occurred 

between 1965 and 1966. Although in progress in 1965, substantial 

increases in heat flow at the North Crater were not apparent until after 

1966 with a peak in activity occurring in 1968.

Since 1966 the North Crater has experienced large fluctuations in 

heat flow with increases and peaks in activity occurring between the 

summers of 1966 and 1968 and between the summers of 1972 and 1974, and 

general declines and lulls in activity occurring between the summers of 

1968 and 1972 and 1974 and 1978. The most recent increase in activity 

began between the summers of 1978 and 1979 and has continued unabated
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through the summer of 1983.

A longer term trend of increasing heat flow appears to be 

superimposed on the shorter-term fluctuations in thermal activity at the 

North Crater with the increases mainly occurring in fumarolic areas. 

Average heat flow from the North Crater during 1979 to 1980 is estimated 

at 120 MW, compared to 88 MW for 1973 to 1974. Heat flow during the 

1974 to 1978 lull dropped to as low as 20 MW during 1977 to 1978. 

1957-1965 heat flow is estimated at~5 MW.

Thermal activity at the West Crater has declined since 1966 

although brief resurgences of heating may have occurred in 1974-1976 and 

possibly 1978-1979. The magnitude of the decline and fluctuations in 

heat flow are much smaller in scale than those at the North Crater. The 

level of thermal activity at the East Crater and in the caldera has 

remained constant over the past 25 years and probably since at least the 

turn of the century.

The concentrations of Cl in the 1975 water sample, and of Cl and 

Br in the 1982 water sample are evidence that halogen gases at least 

periodically evolve directly to the surface from the thermal source. If 

the HC1 gases are derived from a hot brine, temperatures must be >400°C 

if CaCl2 is the controlling metal choloride and^>600°C if NaCl controls 

the evolution of gaseous HC1.

The presence of S02 in a gas sample obtained from the North Crater 

in 1982 also sets a lower limit of 400°C on the heat source beneath the 

North Crater. The sample was rich in C0? and SC>2, low in H2 and lacked 

H2S. Consideration of C-O-H-S gas equilibria suggests that temperatures
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exceed 600°C but are probably less than 800° and that the gases evolve 

under oxidizing conditions. The gas sample is also more water-rich than 

could be accounted for by near-surface contamination and a magmatic 

component. The excess waters may be connate brines, ancient seawaters, 

or infiltrating meltwaters.

The geochemical and isotopic evidence points to a degassing magma 

body as the source of heat driving the thermal system. The 

composition of the fumarolic CO^ lies within the range of magmatic CC>2 

and indicates that a degassing magma is the primary source of CO^ at the 

North Crater. The sulfur gases are probably also mostly derived from a 

degassing magma. The halogen gases may have a mixed origin, coming from 

both a magmatic source and from the heating of briney formation waters.

The large proportion of SC^, the presence of halogen gases, and the 

numerous high-pressure fumaroles (some of which are now superheated) 

suggest the magmatic heat source lies at a very shallow level, perhaps 

not more than 1 km beneath the North Crater. The abundance of water in 

the gas sample, the high oxygen fugacity and the temperature range of 

600 - 8G0°C estimated from gas equilibria diagrams indicates the magma 

is in the late stages of activity.

Seismically induced fracturing and rupturing of self-sealed 

conduits has been advanced as plausible hypothesis to explain the 

initial increases in thermal activity at Mount Wrangell. The resulting 

increases in fluid flow and release of pressure could have caused hydro- 

fracturing by thermal expansion and flash steaming of water entrapped in 

small, self-sealed compartments, thereby further increasing 

permeability.
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Drainage of meltwater into subsurface, superheated hot rock and sub

sequent thermal expansion and flashing of this water into steam would 

further increase conduit size and would also increase the rate of heat 

extraction. The earthquake possibly responsible for initiating seismic 

fracturing is the Alaska 1964 Good Friday earthquake. Although the 

fracturing of an over-pressured sealed reservoir can account for the 

major features of North Crater thermal activity, the possibility of a 

rising magma body cannot be dismissed. Rapid influx of meltwaters may 

have chilled an ascending magma and perhaps quenched an eruption.

The massive influx of meltwaters into the subsurface region is the 

proposed cause of thermal fluctuations between 1966 and 1980. Under 

this hypothesis, meltwaters generated during the initial increases in 

thermal activity percolated down and accumulated over the heat source. 

This influx of cold waters increased hydrostatic pressure, causing a 

temporary quenching and reduction in vapor generation thereby reducing 

the heat flow to the surface. The reduction in heat flow resulted in a 

corresponding reduction in melt-rate and, therefore, in the rate of 

water influx into the deeper system. The rate at which waters ac

cumulated over the heat source gradually declined and reservoir waters 

were gradually brought to the boiling point until the rate of vaporiza

tion exceeded the rate of meltwater infiltration. Reduction in pressure 

by a combination of mass loss through vaporization and by lateral drain

age of waters from the reservoir caused an acceleration in the rate of 

vaporization, triggering a new pulse of increased heat flow at the sur

face. Rough calculations indicate that the hypothesis is consistent
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with time and mass balance constraints imposed by heat-flow data derived 

from glacier-calorimetry. The much smaller amounts of meltwater 

currently being generated appear to be insufficient to quench the heat 

source any longer and thermal activity, rather than declining, has 

continued to increase after 1980.

Until recently the melt-rate at the North Crater substantially 

exceeded the rate at which vapor was being lost to the atmosphere. The 

total amount of meltwater generated at the North Crater since 1966 

surpassed the amount of water that can be reasonably accounted for 

strictly from vapor losses, and much of the meltwater must have drained 

laterally away from the North Crater.

Glaciers on the northeast flank of the volcano began advancing 

sometime after 1965. Current rates of advance range from 10 to 30 m/yr. 

Glaciers on other flanks of the volcano and elsewhere in the vicinity 

are not advancing and do not show any signs of increased activity. 

Sturm (1983) found that glaciers on the west flank flow 50 percent 

faster in summer than winter while northeast flank glaciers flow at 

uniform velocity year round. The uniform flow was attributed to be a 

result of year-round sources of subglacial water.

Under the prevailing climatic conditions on the upper slopes of 

Mount Wrangell, it is possible that the glaciers on the northeast flank 

below the caldera rim were frozen to their beds prior to the increased 

heating. If so, hot meltwaters draining from the North Crater could 

have increased basal ice temperatures, bringing them to the melting 

point and thereby inducing basal sliding. Subglacial meltwaters pro
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duced by the increased heating could be the source of subglacial waters 

during winter months. However, the response time for transferring ice 

from the upper slopes to the termini must have been very fast to have 

caused the West Copper and MacKeith Glaciers to advance in just a few 

years time.

The decline in heat flow from the West Crater, the large increases 

within the North Crater and the correlation of several thermal events 

between the two craters indicate some sort of interconnection between 

the two vents exists at depth. The apparent reversal of activity 

between the two craters suggests that the conduits beneath the North 

Crater have become the more direct and efficient pathways for heat flow. 

However, the decline in activity at the West Crater has been of a lower 

magnitude than the increases at the North Crater indicating an overall 

increase in heat flow has occurred and not just a simple shifting of 

activity from one crater to the next.
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APPENDIX A - BASE SURVEY NETWORKS

Bench Marks

Basic both to the glacier survey work and the photogrammetry are 

the "bench marks" or "BM's" from which horizontal and vertical angles to 

an object can be measured and its coordinates calculated by simple 

trigonometry. When properly marked these points also serve as ground 

control points for photogrammetry.

Several requirements guided the choice of location of bench marks 

used in this study. For glacier surveys, bench marks had to remain snow 

free, be conveniently accessible, be intervisible with at least two of 

the other bench marks and have the broadest possible view of the glacier 

surface. Because all snow and ice free areas of Mount Wrangell summit 

are zones of high heat flow, a further consideration was minimization of 

vapor flux problems, i.e., condensation and fog. In addition, to be 

useful as ground control points for photogrammetry, the bench marks had 

to be visible from photo flight altitudes and had to be placed in 

locations identifiable on all vertical aerial photos used in the mapping 

program. Also, for maximum photogrammetric accuracy the control points 

should be at approximately the same elevation as the surface being 

mapped, a condition which is sometimes incompatible with surveying 

needs.

At Mount Wrangell's summit, several points meeting most of these 

requirements had been used in triangulation networks during previous
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field studies (Benson, 1963, 1968; Bingham, 1967). Five of these points 

(BM's 1, 2, 3, 4, and 6) were incorporated into a redefined and 

strengthened net, and were used during the 1975, 1976, 1977, and 1978 

field seasons. Six additional points were added, one in 1975 and five 

in 1978, to increase photo control and allow glacier surveys of the West 

and East Craters. The location of the Mount Wrangell summit bench marks 

are shown in figure 5.

Three of the bench marks, BM-1, BM-2, and BM-3, are located along 

the southern and western rims of North Crater; most of the western 

portion of the 1975-78 North Crater glacier surface is visible from 

these points. A fourth bench mark, BM-5, is located east of the North 

Crater in bare ash exposed near a prominent rime covered dome, out

cropping along the northern rim of the caldera. BM-4 is located on the 

caldera rim between Mount Wrangell summit and East Crater. BM-6 is 

located on the west side of an outcrop of steaming rock on the south rim 

of the caldera. Most of the caldera surface is surveyable from a 

combination of BM's 2, 3, 4, and 6. BM's 7, 8, and 9 are located on the 

rim of the West Crater. BM's 10 and 11 are on the north rim of the East 

Crater.

Bench marks posts were made from 3.8 cm diameter galvanized steel 

pipes and hammered, as vertically as possible, 0.5 to 1.0 m into ash or 

soil and cemented in place when necessary. A particular problem at some 

of the Mount Wrangell summit bench marks is the rapid deterioration of 

even galvanized steel because of the action of acids formed in hot 

ground. A conventional brass marker, 6 cm in diameter and embossed
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with "Geophysical Institute, University of Alaska" and the bench mark 

number, was emplaced on each pipe used in the survey net. Several of 

the pipes were marked and flagged with red surveyor's tape and bright 

paint to increase their visibility for surveying.

To make the bench mark locations identifiable on vertical aerial 

photos, a large "X" pattern, was placed across each bench mark with the 

bench mark at the center. The arms of the "X" were made from white 

fiberglass cloth, 1 m wide and 10 m long. Fiberglass was chosen for its 

durability and its inertness to chemical change. In certain instances, 

aluminum foil was used to extend the arms and to increase visibility. 

The "X’"s were clearly visible in the 1975, 1976, and 1978 aerial 

photos.

Technique

Angular Measurements

At various times during the 1975, 1976, and 1978 field seasons each 

triangulation point in the Mount Wrangell summit triangulation network 

was occupied (with the exception of BM-5) and horizontal and 

vertical angles were measured to as many intervisible points as time and 

weather conditions allowed. All angular measurements were made with a 

Wilde T-2 Theodolite, read to the nearest second of arc. Instrument 

#T2-154894, State of Alaska, Department of Highways, #2, was used for 

all measurements in 1975. Instrument #72-140145, Geophysical Institute,
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University of Alaska, was used for all measurements in 1976; both 

theodolites were used in 1978.

The theodolite was shielded from direct sunlight with an umbrella 

whenever necessary for instrument stability. All angular measurements, 

unless otherwise noted, were made with the telescope both in the direct 

and then inverted position with the averaged reading taken as the 

measurement. This methodology, recommended by the manufacturer and 

surveying texts, averages out instrument collimation errors. This is 

especially important for the vertical direction where the reference is 

typically either the zenith or the horizontal plane and where the 

instrument collimation errors are commonly high.

All reasonable care was exercised in manipulation of the instru

ments. Nevertheless, circumstances and weather conditions often con

spired to make the taking of angular measurements difficult. Cold 

weather, wind, and high altitude frequently combined to cause great 

discomfort for the observer and commonly necessitated use of gloves or 

mittens. High winds vibrated the theodolite and affected the accuracy 

of measurements. When winds were calm, fog from the hot ground would 

frequently obscure a distant reference bench mark or well up in front of 

the observer and condense on the telescope optics.

Because of these conditions, and in order to accomplish the glacier 

survey within the allotted time frame, it was necessary to forgo mea

surement of some of the internal angles and sides within the triangula

tion net. A sufficient number of angular and distance measurements were 

made to define a reasonably accurate net suitable for glacier survey and
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photo control. At the North Crater, BM's 1, 2, and 3 are the most 

important points for photo control and all sides and angles between 

these points were measured.

Baseline Measurements

During the 1975 and 1978 summer field seasons a Hewlett-Packard 

3800B infrared distance ranger, //1226A00854, was used to measure base

line distances between several of the bench marks within the triangula

tion net. The procedure used in measuring slope distances was as 

follows: A tripod with a T2 tribrach mounting plate was erected and 

centered over the bench mark at one end of the baseline being measured. 

The distance ranger was mounted on the tribrach and the height from the 

ground surface to the instrument line of sight was noted. At the other 

end of the baseline, cube corner reflectors were placed directly above 

the corresponding bench mark. The distance ranger was aimed at the 

mirrors and sightings were adjusted until the return signal strength was 

maximized. Barometric pressure was read at the instrument location. 

Air temperatures were measured at each end of the baseline and averaged. 

For every distance measurement the "Environmental Correction Dial" on 

the instrument, used to correct for atmospheric conditions (temperature 

and pressure), was set at its maximum value. This was because 

atmospheric condition at Mount Wrangell summit exceeded the scale 

provided on the instrument. An additional correction on the order of + 

0.014 m per km ranged distance (numbers provided by manufacturer) was
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made in subsequent data reduction to adjust for the atmospheric condi

tions. The position of the distance ranger and cube corner reflectors 

were reversed, and the slope distances measured between all permutations 

of BM's 1, 2, and 3. BM's 4 and 5 were ranged from BM 2, BM's 10 and 11 

were ranged from BM 4, BM 8 was ranged from BM 2, and BM 9 was ranged 

from BM 8.

Several readings were made (minimum 4, maximum 10, average 7.5) at 

each station to insure instrument stability and reproducibility of 

readings. The standard deviation of the readings ranged from 0.0005 

to 0.005 percent of the measured distance. The instrument manufacturer 

provides two measures of mean square error (MSE) in distance ranged:

MSE = ± (5 mm + 7 mm/km) for T = -10°C to + 40°C

MSE = ± (10 mm + 33 mm/km) for T = -20°C to -10°C

Because most of the measurements made at Mount Wrangell summit were 

at temperatures between -5°C to -10°C, the second more conservative 

estimate of MSE was used to estimate uncertainty of the readings. These 

calculated uncertainties were an order of magnitude larger than the 

standard deviation of the readings quoted above.

To determine horizontal distances, vertical angle measurements 

between ranged benched marks were made by dismounting the 3800 B dis

tance ranger from the tribrach plate and mounting a T2 theodolite in its 

place. Corrections for the 0.07 m elevation difference in lines-of-
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sight between instruments were made during subsequent data reduction 

calculations. From 3 to 6 vertical angular measurements were made be

tween all permutations of BM's 1, 2, and 3 (none were simultaneously 

backsighted). The angular spread in measurements ranged from ± 1 

seconds to ± 3.5 seconds. The vertical angles to BM 5 (spread = ± 2.5 

seconds) and BM 6 (± 5 seconds) were made from BM 2 with no back- 

sighting. Single vertical angular measurements (forward plus reverse) 

were made between BM’s 4-10, 4-11, and 2-8. The vertical angles between 

4-10 and 4-11 were backsighted. A vertical angular uncertainty of ± 5.3 

seconds (see page 256) was assumed for the single measurements.

The computed values of the horizontal and vertical distances 

between the ranged BM's and their uncertainties are given in table A-l. 

The vertical distances have been corrected for earth's curvature and for 

atmospheric refraction for Mount Wrangell summit conditions, and are 

referenced to the ground surface at each bench mark. The slight 

adjustments in horizontal distances between BM's 1, 2, and 3 are a 

result of adjustments of angles in the base triangle 1-2-3 which are 

discussed in the following section.

The differences in backsighted horizontal and vertical distances 

determined between BM's 1, 2, and 3 all fall within the computed un

certainties given in table A-l. As a further check of the reliability 

and reproducibility of the distance measurements, the distances between 

BM 2 and BM 1 and between BM 2 and BM 3 were determined on two separate 

occasions, nine days apart. The differences in distances measured were
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Table A-l. 
the HP 3800

Horizontal and vertical distances in meters, measured with 
infrared distance ranger, Mount Wrangell summit baselines.

Base line
Horizontal
distance ± H.D.

Adjusted
H.D.

Vertical 
distance ± V.D.

BM2-BM1 342.97 0.02 342.95 19.27 0.02

BM2-BM3 179.48 0.02 179.47 -1.52 0.02

BM2-BM4 3194.04 0.12 - - -17.89 0.08

BM2-BM5 1331.89 0.05 - - -43.28 0.04

BM2-BM8 1024.21 0.05 - - -44.01 0.04

BM3-BM1 436.70 0.03 436.72 20.78 0.02

BM4-BM10 460.28 0.03 - - 52.68 0.03

BM4-BM11 437.37 0.03 - - 77.29 0.03

BM8-BM9 540.49 0.03 -  - 15.75 0.03
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less than the uncertainties quoted in table A-l.

North Crater Net

The triangulation network used for the North Crater surveys con

sisted of a simple net of the three points BM 1, 2, and 3. A minimum of 

three measurements of each internal angle of the base triangle were made, 

with angular spreads in measurements ranging from ± 2.5 seconds to ± 5 

seconds.

Because both the internal angles and distances between each of the 

corners were measured, the base triangle is over-specified. This 

redundancy can be used to make slight adjustments to the triangle. This 

was done by using the standard compass rule method (see for e.g., Davis, 

et.al., 1966) to adjust the triangle for error of closure. The deter

mination of the vertical distances between bench marks was discussed in 

the previous section.

West Crater, East Crater, and Caldera Nets

The caldera net consists of the four primary points, BM 2, 3, 4, 

and 6, plus a fifth point, BM 5, used for photo-control purposes. 

Weather conditions and lack of time prevented independent measurement of 

all angles and distances within the caldera net. Because of this, the 

caldera net was determined in terms of the base triangle, 234, the best 

determined triangle in the system.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



241

The procedure used in defining the net was as follows: triangle

234 was selected as having least uncertainty because two of its sides 

were determined by distance ranging and two of its internal angles were 

the best known in the overall net (angular spread = ± 5 second). The 

internal angles were adjusted to meet the condition that the sum of all 

interior angles in a triangle must be equal to 180°• The third side 

was then calculated by using angle 324 and sides 2-3 and 2-4. This 

combination resulted in the least cumulative uncertainty for side 3-4. 

All other possible triangles in the network involved two bench marks 

from the triangle 324 and one unknown bench mark. Triangle 324 then 

served as a set of accurate base lines from which the horizontal 

distances in the other triangles in the network were calculated by 

trigonometry. The angles in each triangle were adjusted to conform to 

sum of the internal angles must equal 180°.

The West Crater triangular net was determined from the two measured 

internal angles, 789 and 798, and the baseline distance BM 8- BM 9 

(table A-l). The position of the West Crater net with respect to the 

caldera net was fixed by measurement of angle 428 and baseline BM 2- BM 

8 (table A-l).

*More precisely, the sum should be equal to 180° plus the spherical 
excess of the triangle. The spherical excess of a triangle in seconds 
of arc is A/197 where A is the area of the trjangle in km . The 
largest triangle in the caldera grid is 5 km in area, giving a 
spherical excess of 0.026 seconds which is completely negligible in 
this situation.
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The East Crater triangular net was determined from three measured 

internal angles between BM's 4, 10, and 11 and from baselines BM 4- BM 

10 and BM 4- BM 11 (table A-l).

The vertical distance between individual bench marks was calculated 

from the measured vertical angles. When vertical angles were measured 

at both ends of a baseline, the mean of the calculated vertical dis

tances was used (2-3, 2-6, 4-6, 4-10); otherwise the vertical distance 

was determined from vertical angle measurements from only one side 

(2-4, 2-8, 4-3, 6-3, 4-11, 8-7, 8-9). The horizontal and vertical 

distances and the angular relationships within the caldera net including 

the North Crater are given in tables A-2 and A-3.

Summit Coordinate System and Final Net

To maintain consistency with previous surveys the following 

coordinate system was adopted: BM-2 was chosen as the center of the X-Y

plane. The X-axis was taken to be a west-east trending line (east 

positive) which passes through BM-2 and "old BM 4." The latter bench 

mark was used in 1961 but was subsequently abandoned because condensing 

steam frequently limited visibility from this station. The present BM 2 

- BM 4 line lies 1°25'06" CCW from this X-axis. A vertical, Z co

ordinate of 4159.64 m was assigned to BM-2 (at ground level) to remain 

consistent with previous surveys which used an assumed English system 

elevation of 13,647 ft. The Wrangell summit network has not been tied 

to any U.S. Coast and Geodetic Survey (USCGS) permanent bench marks
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Table A-2. Horizontal (above diagonal line) and vertical (below diagonal line) distances in meters 
between bench marks, Mount Wrangell summit.

BM-1 BM-2 BM-3 BM-4 BM-5 BM-6 BM-7 BM-8 BM-9 BM-10 BM-11

BM-1 342.95 436.72 - - - - - - - - - - - - - - - -

BM-2 —19^^^ — - 179.47 3194.04 1331.89 3218.60 - -  1024.21 - -  - -  - -

BM-3 -20.78 - 1 ^ \ —  3021 .44 - - 3203.77 - -  - -  - -  - -  - -

BM-4 - - -17.89 -16.3tT\- - - - 3595.46 - - - - - - 460.28 437.37

BM-5 - - -43.28 - -  - - -  - -  - -  - -  - -  - -

BM-6 - - -83.62 -82.10 -65.73 - - " " "  - “

BM-7 - -  - -  - -  - -  - -  - 358.58 417.72 - - - -

BM-8----- --  -44.01 --  --  --  --  138.0 1 ' \ ^ -  540.49-----  --

BM-9 - -  - -  - -  - -  - -  - -  122.06 -15.74"^- - - - -

BM-10 - - - - - - 52.68 - - - -  - -  - -  - - 171.43

BM-11 - - - - - - 77.29 - -  - -  - -  - -  - -  -24.61 ̂ ^



Table A-3. Horizontal angular relationships, Mount Wrangell summit 
triangulation net.

Angle Angle

213 22° kl'29" 342 54'27"
246 56 13 17

123 109 24 22 248 17 07 28
324 15 27 39 463 52 22 58
426 68 12 18 362 3 11 28
428 96 12 38
231 47 47 17 125 75 55 16
436 70 29 18
632 93 08 37

284 66 39 54 10, 11., 4 86 37 14
987 50 33 50 11, 10,, 4 71 33 08
798 41 31 42 10, 4, 11 21 49 38
978 87 54 28
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(the closest is over 50 km away) and remains a floating system.

The coordinate positions of the Mount Wrangell summit triangulation 

network, with respect to the defined coordinate system, are given in 

table A-4. Elevations are ground surface elevations; bench mark heights 

are included for completeness.

Since the choice of coordinate system and orientation of axes are 

completely arbitrary, errors in coordinate positions are attributable to 

(1) errors in the baseline measurements, and (2) errors in the angle 

measurements. These cumulative errors are shown as uncertainties in 

position in table A-4. Errors in base lines result in a scale error

over the net. From table A-l, maximum baseline uncertainties are of the
/j.order of 1 part in 10 . Maps constructed using the bench marks as 

control points would then be in error by this amount. Velocity values 

measured from these points would also be in error by the same amount; 

for example, a velocity of 50 mm d * would have an error of over 0.05 mm 

d *. In both of the preceding cases, the errors are completely 

negligible compared to other errors involved in this work.

Errors in angular measurements affect the relative orientation of 

one bench mark with respect to the others. The bench marks around the 

North Crater are probably located to within 0.03 cm of their true 

positions; the positions of BM 4, 5, and 6 are less accurately known 

(table A-4). A check on the internal accuracy of the net can be 

obtained by observing a fixed object from more than two triangulation 

points. During the 1976 field season several caldera velocity stakes
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Table A-4. Locations of bench marks, 
ordinate system defined by BM2 = 
in meters.

Mount Wrangell summit 
= CO, 0, 4159.64) and

triangulation 
(BM2 - BM4) =

network with respect 
= 1°25'06". Distances

to co
: are

BM P -e- X Y z(a) hBM(b)

BM1 342.95 126°17 '10" -202.97 276.44 4178.91 0.68

BM2 0 0 0 0 4159.64 0.50

BM3 179.48 16°52 >45" 171.45 52.11 4158.11 0.60

BM4 3194.04 1 °25 '06" 3193.06 79.06 4141.76 0.70

BM5 1331.89 50°21 ’54" 849.60 1025.72 4116.34 0.55

BM6 3218.59 293°13 '48" 1269.49 -2957.66 4076.03 1.00

BM7 924.25 244°49'’16" -393.22 -836.43 4253.64 0.92

BM8 1024.21 265°121'28" -85.57 -1020.63 4115.63 1.18

BM9 1341.39 243°41’-19" -594.57 -1202.42 4131.37 0.59

BM10 3633.00 3°44 1'51" 3625.23 237.46 4194.44 1.01

BM11 3630.84 l°02l'35" 3630.24 66.10 4219.05 1.31

^ P  = horizontal distance between points.
■©■= polar angle measured counter-clockwise 

^Elevation at ground surface.
Bench mark height.

with respect to X-axis.



were measured from three triangulation points: BM 2, 4, and 6. The 

average differences in coordinate positions were computed for a total of 

14 stakes and the results are summarized in table A-5. The average 

difference is well within the uncertainties given in table A-4, with 

part of the difference attributable to motion between surveys 

(0.03 m/day).

Because velocities are determined from differences in position over 

time, the effects of the above errors are entirely negligible if the 

same baselines are used for each measurement. Similarly, since the main 

interest is in comparing maps and determining changes, these errors are 

also negligible for the map work, if the same ground control points are 

used for the construction of each map. For this study the coordinates 

of the triangulation points as defined in table A-4 are assumed to be 

error free.

Comparison to 1965 Net

A comparison of coordinate positions of triangulation network bench 

marks determined during the 1965 (Bingham, 1967) and 1975-1976 surveys 

respectively is given in table A-6. The difference in horizontal 

coordinates of BM 1 and BM 3 (the bench marks closest to BM 2, the 

center of the coordinate system) is less than 0.08 m, but the dis

crepancy between the horizontal positions of the more distance bench 

marks, BM 4 and BM 6, is as much as 1.53 m. Additional discrepancies
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Table A-5. Differences in surveyed positions of 14 
stakes as determined by triangulation from 
BM2-BM4 and from BM4-BM6 in meters.

A  X A Y

Average 0.14 0.17 0.12

Minimum 0 0 0

Maximum 0.39 0.66 0.51
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Table A-6. Comparison of bench mark coordinates (in meters) between 1965-66 base network and this
study.

Bingham This study

1 -203.07 276.34 4189.91 -202.97 276.44 4178.

2 0.00 0.00 4159.64 0 0 4159,

3(7)* 171.74 52.04 4157.71 171.74 52.11 4158,

4 3194.27 80.48 4141.01 3193.06 79.06 4141,

6 1270.41 -2958.58 4076.06 1268.88 -2958.01 4076,

*BM3, 1975-76 same as Bingham1's BM7, 1965-66.

ZX Y X Y
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exist between the bench marks.

The eleven meter difference in the elevation of BM 1 is thought to 

be due to either a typographical error in Bingham's thesis or an error 

in transposing numbers somewhere during the 1965-66 data reduction 

process. Of the other discrepancies, because of the greater accuracies 

in directly measuring baseline distances with a distance ranger during 

the 1975 survey vs the expansion of a single taped baseline as was done 

in 1965, the 1975-76-78 triangulation network is considered to be the 

more accurate determination. This is borne out by comparing Bingham's 

elevation determinations of motion stakes from two different bench marks 

(Appendix B, Bingham, 1967). The difference between the two 

determinations was found to be consistently smaller when 1975-76 bench 

mark elevations were used.

Whenever required for comparisons between surveys, Bingham's motion 

stake coordinates have been adjusted to conform to 1975-76 bench mark 

coordinates.
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APPENDIX B - GLACIER SURVEYS

Method of Survey

Stakes were set into snow at the North Crater and Caldera in 1975, 

1976, and 1978, and at the East Crater in 1978. Stake positions were 

located using standard surveying techniques. The triangulation points 

and baselines used are discussed in Appendix A. A Wild T2 theodolite 

was used for all angular measurements.

To increase visibility for the initial survey, the stakes were 

flagged with red cloth and surveyor's tape and/or were painted inter

national orange. For subsequent surveys the stakes were relocated by 

using the previous survey's readings to realign the theodolite. All 

sightings were made to the center of the stakes at the snow surface. 

Measurements consisted of both horizontal and vertical angles and almost 

all are the mean of readings in the direct and inverted positions of the 

telescope. For speed and convenience, direct measurements of several 

stakes were normally made first, followed by inverted. The horizontal 

setting to the reference mark was noted at the beginning and end of each 

run as a check on instrument stability.

The differences between direct and inverted angles were examined to 

find mistakes in data taking. If weather prevented either the direct or 

inverted readings from being obtained, the value was checked against a 

previous survey for consistency. The mean value of the direct and 

inverted readings was then used in computations.

251
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Datum horizons, necessary for calculating vertical velocities in 

accumulation zones, were established by placing plywood on the snow 

surface on the north sides of the stakes. Immediately after the 

emplacement of each stake a reference point was marked 2 meters above 

the snow surface. This served as a backup in the event the datum boards 

were lost.

Survey of the North Crater stakes was normally accomplished within 

a single day since all the triangulation points were close (^0.5 km) to 

the field base camp. Caldera triangulation points were much further 

away (̂— 3 km) and were reached by ski travel, often through fresh fallen 

snow. Because of this and weather conditions, two to four days were 

required to survey all caldera stakes.

Data reduction techniques similar to those employed by Hodge (1972) 

were used in this study. Horizontal and vertical coordinates were com

puted on a programmable hand calculator. For horizontal coordinates,

Reduction of Survey Data

B-l

Y'x Y. + sin B-2

where
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p ± = b_ sin K J B-3

X., Y. = horizontal coordinates of BM.—i —l i
b_ = baseline distance between triangulation points

©j = internal stake angles from BM_̂  and BM^ respectively

K = 180 - 0. + 0.i 3
and

00^ = polar angle to the stake from BM^ with respect to x-axis

The Z coordinate can be fixed by measuring the vertical angle to

the stake from one triangulation point,

+ + £ k  - p2iDTan a  / 1Tan ft

Z. = vertical coordinate of BM. i x
HI^ = instrument height above ground surface 

= vertical angle referenced to the zenith

and

D = correction factor for earth's curvature and refraction.

D is equal to 0.74 x 10  ̂m  ̂at Mount Wrangell summit. When vertical 

angles were measured from both triangulation points, as was normally the 

case, the results were averaged to give

° 2

When a disparity existed between the accuracy of the vertical angles,
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the average was weighted according to the respective angular 

uncertainties.

The computed vertical coordinate in equation B-5 is the elevation 

of the snow surface at the stake at the time of the survey. In order to 

calculate vertical velocities, Zg must be reduced to the datum plane 

established during the initial survey. This was done by probing to 

datum boards during or immediately following a survey. Care was taken 

to set the stakes as vertically as possible and the majority of them 

remained so between surveys. When stake tilt did occur, further 

corrections were made to adjust surveyed stake coordinates to datum 

point coordinates. This was done by measuring the attitude and dip of 

the motion stakes with a Brunton compass. Provided the dip and altitude 

remained constant between surveys, which it normally did, the amount of 

correction was dependent on the accumulation.

The magnitude and direction of the glacier surface velocities were 

calculated using the coordinate position (Xj, , 2^) and Z2)

of a datum point on the stake determined from two different surveys 

taken at time t̂  and t̂ , respectively. The following formulae were 

used:

V = R/At, VR = j^/At, Vv =AZ/AM:

= 7772 - Tan-1 A Z

> = cos __
/>

p

1 A x
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where V, V^, and are the total, horizontal, and vertical velocities, 

respectively; j/and 9 are the vertical and polar angles of motion, 

respectively, and

R = [AX +AY +AZ]1/2

A X  = X2 - Xj

A Y  = Y2 - Yj

A Z  = Z, - Z. + Z2 1 e

A-t = fc2 - tj = time interval between surveys

Equations B-6 are approximations to the instantaneous velocity and 

are assumed to be valid for a point midway between the two datum points.

The term Zg in AZ is a topographic correction term included to account

for the down-slope movement of the stake over the term of the survey. 

Inclusions of this term gives the correct "submergence" velocity (see 

eg., Patterson, p. 67, 1969).

Error Analysis

Because the triangulation network is assumed to be error-free, all 

errors in stake coordinate positions are a result of uncertainties of
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the measurements made on stake position. Of the errors involved, the 

most significant are those in angular measurements. Hodge (1972) made a 

series of 75 angular observations on a single point at Nisqually 

Glacier, Mount Rainer, Washington. His results gave standard deviations 

of = 3.1 and (5̂  = 5.3 seconds of arc for the total population of 

horizontal and vertical angles respectively.

A check on whether these standard deviations are applicable to the 

Mount Wrangell surveys was made by comparing the standard deviations of 

the residuals of angular measurements made in establishing the 

respective triangulation networks. This comparison is shown in table 

B-l. The close agreement of the values provides confidence in adopting 

Hodge's values.

Other uncertainties affecting the precision of stake coordinate 

position determinations include the centering of the theodolite (0.005 

m), measurement of instrument height above ground surface (0.005 m), 

stake tilt measurements (0.005 to 0.04 m) and accumulation measurements 

(0.01 m).

In addition to the above uncertainties in stake datum point

positions, velocity calculations are affected by uncertainties in the

time interval between surveys and in estimates of the topographic

correction. The uncertainty in time interval used in the calculations

was based on a one hour uncertainty in survey time for each stake at

each station. The errors in the topographic correction term Z aree
negligibly small compared to the other uncertainties.

The method used for determining the final, cumulative uncertainties
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Table B-l. Comparison of standard deviations of the residuals of angular 
measurements made in establishing triangulation networks at Mount 
Wrangell summit and Nisqually Glacier.

_____ Horizontal   Vertical_____

n (fh n <S V
Wrangell 36 2.33" 104 3.06"

Nisqually 436 2.13" 387 3.28"
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in coordinate position and surface velocities was to recompute the 

positions and velocities using values which were increased or decreased 

by their respective uncertainties in such a manner as to maximize (or 

minimize) the final result. This value was then compared to the 

originally computed value, the difference between them being the cumula

tive uncertainty in position or velocity.

North Crater Surveys

Six stakes were emplaced in the North Crater during August 1975, 

most of them in the western region (table B-2). Stake S-64, a survivor 

from a 1965 survey, gave a total of seven. Crevasses near the zones of 

heating made the setting of stakes elsewhere in the crater too 

hazardous.

All the stakes, except N-6, were surveyed twice in the summer of 

1975. Stakes N-2 and N-6 did not survive the 1975-76 winter; all other 

stakes were resurveyed in June 1976 and again in September 1976. The 

survey dates given in table B-2 are the average times of the two surveys 

made to locate stake positions. The dates are given in terms of month, 

day (to decimal fraction), and year. The only stakes to survive the 

1976-77 snow accumulation were N-3 and S-64. These were resurveyed in 

September 1977 and again in August 1978. Two new stakes, N-7 and N-8, 

were set in 1978 along with a new stake at N-3. Neither N-7 or N-8 

survived into 1979. Stakes N-3 and S-64 were resurveyed in August 1979.

The results of the surveys, giving the stake coordinate positions,
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Table B-2. Surveyed coordinate positions, North Crater glacier stakes, 1975-1979. 1965 and 1973
position of S-64 included for completeness.

Stake Date3 X a x Y <Ty Zs z s b

N-l 8/22.6/75 12.92 0.02 470.06 0.06 4127.79 0.02 4127.79
9/1.4/75 12.98 0.02 470.00 0.06 4127.81 0.02 4127.56
6/17.9/76 14.56 0.02 469.48 0.04 4123.33 0.02 4123.29
9/2.6/76 15.06 0.02 469.17 0.06 4122.05 0.02 4121.94

N-2 8/22.6/75 -118.87 0.02 237.48 0.03 4161.36 0.02 4161.36
9/1.4/75 -118.80 0.02 237.45 0.02 4161.21 0.02 4161.17

N-3 8/22.6/75 -33.60 0.01 172.49 0.02 4151.05 0.02 4151.05
9/1.4/75 -33.51 0.02 172.53 0.02 4150.91 0.02 4150.88
6/20.7/76 -31.16 0.01 173.50 0.02 4147.51 0.02 4147.70
9/2.6/76 -30.54 0.01 173.69 0.02 4146.88 0.02 4146.55
9/2.5/77 -27.73 0.01 174.78 0.02 4144.34 0.02 4143.35
8/25.5/78 -25.15 0.01 175.81 0.02 4141.31 0.02 4140.13
8/25.5/78(reset) -26.65 0.01 177.16 0.02 4141.53 0.02 4140.13
8/21.5/79 -22.45 0.01 177.00 0.02 4138.60 0.02 4135.30

N-4 8/22.6/75 46.19 0.01 190.17 0.02 4143.54 0.02 4143.54
9/1.4/75 46.33 0.01 190.35 0.02 4143.35° 0.02 4143.30
6/17.9/76 50.23 0.01 195.25 0.02 4138.66° 0.02 4138.68
9/2.6/76 51.21 0.01 196.40 0.02 4137.82 0.02 4137.47

N-5 8/22.6/75 132.82 0.01 128.25 0.02 4149.46 0.02 4149.46
9/1.4/75 132.83 0.01 128.41 0.02 4149.35 0.02 4149.36
6/17.9/76 133.67 0.01 131.96 0.02 4147.52 0.02 4147.58
9/2.6/76 133.92 0.02 132.74 0.02 4146.81 0.02 4146.55
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Table B-2 (cont.)

Stake Date X tfx Y Zs O z ZD

N-6 8/22.6/75 -47.33 0.01 171.00 0.02 4146.81 0.02 4146.81

N-7 8/25.5/78 -86.88 0.02 131.21 0.02 4139.68 0.02 4139.68

N-8 8/25.5/78 -109.50 0.02 197.50 0.02 4151.57 0.02 4151.57

S-64 7/8.7/65 -109.22 ?d 344.36 ?d 4179.93 ?d 4179.93
8/30.0/73 -99.41 0.10 347.70 0.01 4170.73 0.10 4168.54
8/22.6/75 -97.84 0.02 346.94 0.03 4168.07 0.02 4165.80
9/1.4/75 -97.66 0.02 346.78 0.04 4168.23 0.02 4166.07
6/17.9/76 -97.09 0.02 346.50 0.04 4167.13 0.02 4164.80
9/2.6/76 -96.83 0.02 346.25 0.03 4166.80 0.02 4164.52
9/2.5/77 -96.04 0.02 345.85 0.04 4166.15 0.02 4163.37
8/25.5/78 -95.75 0.02 345.60 0.04 4165.22 0.02 4162.34
8/21.5/79 -94.76 0.02 344.72 0.04 4164.72 0.02 4161.30

aData given in terms of month, day (to decimal fraction), and year.
^ZD = reference to datum plane set 22 Aug. 75 for all stakes except S-64 which is referenced to datum
plane set 5 Aug. 65.
CZg was determined from one BM only.
^Baseline used for survey extended from peak above West Crater to BM2. Absolute accuracy of
baseline and West Crater BM elevation unknown.
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are presented in table B-2. The pre-August 1975 positions of S-64 are

included for completeness. All uncertainties in position are the

cumulative uncertainties as discussed in the previous section. Unless

otherwise noted, the snow surface elevation at the stake (Z , in tables
B-2) is the average of two measurements made from opposite ends of the

baseline. The datum plane elevations, Z,, are referenced to the 22.6d
August 1975 surface for all stakes except S-64 which is referenced to 

the surface of August 5, 1965. The datum plane positions were obtained 

from the snow accumulation measurements made at the individual stakes.

The results of the North Crater surface velocity calculations are 

given in table B-3. All vertical velocities have been corrected for 

topographic changes. The pre-August 1975 velocities of S-64 are 

included for completeness. Of all stakes emplaced in the North Crater, 

S-64 has had the longest surveying history, extending back in time to 

its original emplacement in 1965. Its survival appears to be largely 

related to a peculiar reduction in accumulation which occurred at this 

stake after 1965. Stake N-3 was surveyed annually from 1975 to 1979. 

Heat flux estimates based on the survey data at N-3 are given in table 

11 and discussed on page 100.

Caldera Surveys

Twenty-three stakes were placed in the caldera in August 1975. The 

stakes were set into a rectangular grid and surveyed twice over a 

two-week period. Only one of these stakes (23) survived into 1976 and
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Table B-3. North Crater surface velocities, cm/day.

t = 8.7 Jul 65 t = 1.4 Sept 75 t = 2.5 Sept 77
t = 30.0 Aug 73 C  = 17.9 Jun 76 (20.7 Jun 76)a t' = 25.5 Aug 78
= 22.6 Aug 75 t^ = 2.6 Sept 76 t^ = 21.5 Aug 79

Horizontal Vertical
Time Azimuth Vertical angle component component

interva! 0 i VH Vv Cfv

N-l 18 13 02 158 24 17 0.57 0.02 -1.44 0.03
A -4 31 47 56 155 54 45 0.76 0.13 -1.70 0.09
A -A6 4 21 45 14 157 52 12 0.61 0.02 -1.50 0.02

N-2 t4_t3 -23 11 55 157 14 56 0.78 0.61 -1.86 0.62

N-3 (t5)a_t4 22 25 45 139 32 16 0.87 0.01 -1.02 0.02
17 02 16 149 12 35 0.87 0.04 -1.46 0.08
21 12 00 134 30 13 0.83 0.01 -0.81 0.02

A -4 21 45 36 137 07 16 0.78 0.01 -0.84 0.02
A -A 2 10 48 138 15 26 1.16 0.01 -1.30 0.02

N-4 51 28 59 122 31 34 2.16 0.01 -1.37 0.03
A -4 49 33 48 124 53 36 1.95 0.04 -1.36 0.18

51 06 36 122 23 07 2.12 0.01 -1.38 0.03

N-5 tS_tA 76 41 15 115 49 58 1.26 0.01 -0.61 0.02
A -4 72 13 43 141 42 24 1.05 0.04 -1.33 0.09
A -A6 4 75 52 13 122 15 29 1.22 0.01 -0.77 0.02
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Table B-3 (cont.)

Time
interval 0 VH <5h V

V (fv

18 26 06 132 26 10 0.35 -0.32 _ _
27 28 28 143 40 23 0.25 0.03 -0.34 0.03

-30 23 55 127 59 55 0.29 0.02 -0.25 0.03
-43 52 36 116 33 54 0.46 0.10 -0.23 0.08
-34 20 23 130 45 49 0.32 0.02 -0.25 0.02
-26 56 51 137 12 09 0.25 0.02 -0.27 0.02
-40 45 36 154 26 24 0.11 0.02 -0.23 0.02
-41 37 48 117 10 52 0.37 0.02 -0.19 0.02

Parenthesis indicate second survey date.
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it was resurveyed in June of that year. A completely new set of stakes 

was emplaced in a cross-shaped grid and surveyed in June 1976 and again 

in September 1976. None of these stakes survived into 1977. The 

locations of the 1975 and 1976 stakes with respect to the base network 

coordinate system are given in table B-4.

Mo velocity calculation is presented for 1975 because the time 

between surveys was too short and the corresponding change in position 

too small to allow good accuracy. Velocities were calculated for stake 

23, August 1975 - June 1976, and for all stakes emplaced and surveyed 

twice in 1976. The results appear in table B-5.

Horizontal resections of three 1975 stake positions (10, 8, and 12) 

were made in August 1978 using BM-2 and BM-4. The 1978 snow surface 

elevations at these positions were determined and compared to 1975 

elevations to see what changes had occurred. The results are given in 

table B-6. Accuracy of the comparison (-4̂ Z) is ± 0.25 m.

East Crater Surveys

Three stakes were placed within the East Crater in August 1978 to 

serve as control points for changes in snow surface and for checking 

photogrammetric accuracy. The stake positions are given in table B-7 

with respect to the local coordinate system centered on BM-11. 

Coordinate axes are parallel to the master coordinate system centered on 

BM-2. Transform relationships can be determined from table A-4.
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Table B-4. Surveyed coordinate positions with respect to BM2, caldera glacier stakes, 1975 and 1976.
Distances are in meters.

Date
Stake surveyed X Y cfy Zs ZD

1 8/22.0/75 664.28 0.22 -139.30 0.04 4065.65 0.03 4065.65
8/30/6/75 664.51 0.22 -139.42 0.04 4065.53 0.03 4065.37

2 8/22.0/75 1155.26 0.81 80.07 0.05 4074.48 0.04 4074.48
8/30.6/75 1153.46 0.81 79.96 0.05 4074.41 0.04 4074.30

3 8/22.0/75 433.78 0.04 -807.69 0.06 4062.32 0.04 4062.32
8/30.6/75 433.90 0.04 -807.87 0.06 4062.56 0.04 4062.45

4 8/22.0/75 855.02 0.07 -605.84 0.04 4065.67 0.04 4065.67
8/30.6/75 855.22 0.07 -606.01 0.04 4065.47 0.04 4065.32

5 8/22.0/75 1325.06 0.11 -397.17 0.03 4064.33 0.04 4064.33
8/30.6/75 1325.30 0.11 -397.37 0.03 4064.10 0.04 4064.02

6 8/22.0/75 1768.09 0.17 -213.46 0.03 4059.07 0.04 4059.07
8/30.6/75 1768.16 0.17 -213.64 0.03 4058.85 0.04 4058.80

7 8/22.0/75 156.54 0.04 -1459.25 0.09 4072.81 0.05 4072.81
8/30.6/75 156.62 0.04 -1459.41 0.09 4072.73 0.05 4072.67

8 8/22.0/75 599.44 0.04 -1267.90 0.07 4062.09 0.05 4062.09
8/30.6/75 599.53 0.04 -1268.08 0.07 4061.85 0.05 4061.71

9 8/22.0/75 1045.73 0.05 -1073.11 0.05 4060.61 0.05 4060.61
8/30.6/75 1045.93 0.05 -1073.24 0.05 4060.30 0.05 4060.24

10 8/22.0/75 1495.12 0.06 -877.03 0.04 4055.15 0.05 4055.15
8/30.6/75 1495.33 0.06 -877.24 0.04 4054.95 0.05 4054.83

11 8/22.0/75 1939.48 0.07 -683.11 0.04 4049.45 0.05 4049.45
8/30.6/75 1939.73 0.07 -683.38 0.04 4049.24 0.05 4049.23

12 8/22.0/75 2406.24 0.07 -479.84 0.05 4050.06 0.04 4050.06
8/30.6/75 2406.30 0.07 -480.11 0.05 4049.88 0.04 4049.33

13 8/22.0/75 769.28 0.05 -1741.67 0.08 4063.26 0.06 4063.26
8/30.6/75 769.38 0.05 -1741.87 0.08 4063.09 0.06 4063.00

14 8/22.0/75 1230.74 0.05 -1529.05 0.06 4055.79 0.06 4055.79
8/30.6/75 1231.11 0.05 -152.9.21 0.06 4055.60 0.06 4055.55
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Table B-4 (cont.)

Stake
Date

surveyed X <r* Y (5"7 Zs ZD

15 8/22.0/75 1657.06 0.06 -1334.40 0.05 4045.03 0.05 4045.03
8/30.6/75 1657.45 0.06 -1334.62 0.05 4044.81 0.05 4044.76

16 8/22.0/75 2115.00 0.05 -1163.07 0.05 4035.86 0.05 4035.86
8/30.6/75 2115.35 0.05 -1163.43 0.05 4035.59 0.05 4035.59

17 8/22.0/75 2572.53 0.05 -964.40 0.06 4036.07 0.04 4036.07
8/30.6/75 2572.79 0.05 -964.82 0.06 4035.60 0.04 4035.54

18 8/22.0/75 939.61 0.06 -2216.48 0.09 4065.27 0.07 4065.27
8/30.6/75 939.68 0.06 -2216.79 0.09 4065.18 0.07 4065.16

19 8/22.0/75 1413.09 0.06 -1979.70 0.07 4053.72 0.06 4053.72
8/30.6/75 1413.45 0.06 -1979.75 0.07 4053.56 0.06 4053.53

20 8/22.0/75 1820.25 0.06 -1796.37 0.07 4037.49 0.06 4037.49
8/30.6/75 1820.76 0.06 -1796.62 0.07 4037.21 0.06 4037.15

21 8/22.0/75 2292.25 0.05 -1647.27 0.07 4022.03 0.06 4022.03
8/30.6/75 2292.89 0.05 -1647.76 0.07 4021.86 0.06 4021.79

22 8/22.0/75 267.77 0.05 -349.04 0.07 4078.33 0.02 4078.33
8/30.6/75 267.88 0.05 -349.03 0.07 4078.25 0.02 4078.07

23 8/22.0/75 1592.18 0.20 266.95 0.03 4075.86 0.04 4075.86
8/30.6/75 1591.90 0.20 266.92 0.03 4075.87 0.04 4075.63
6/24.0/76 1592.71 0.21 264.43 0.04 4075.33 0.03 4073.45

24bb 6/24.0/76 2046.99 0.06 -1107.67 0.04 4037.99 0.04 4037.99
9/3.5/76 2049.58 0.03 -1109.77 0.03 4037.35 0.07 4036.33

24b 6/24.0/76 1771.55 0.07 -686.14 0.03 4053.37 0.04 4053.37
24 6/24.0/76 1909.11 0.05 -896.43 0.03 4045.69 0.03 4045.64

9/3.5/76 1911.34 0.04 -898.12 0.02 4045.04 0.07 4043.98
24a
24aa

6/24.0/76
6/24.0/76

2001.58
1696.84

0.05
0.05

-856.71
-1030.71

0.03
0.03

4049.31(?)
4048.42 0.04 4048.42

9/3.5/76 1699.04 0.04 -1032.29 0.02 4048.03 0.11 4046.83
25 6/24.0/76 2333.09 0.05 -62.9.14 0.03 4047.63 0.03 4047.63

9/3.5/76 2334.28 0.04 -630.80 0.03 4047.13 0.06 4045.97
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Stake
Date

surveyed X Cfx

26 6/24.0/76 2760.73 0.04
9/3.5/76 2761.24 0.06

27 6/24.0/76 1483.63 0.05
9/3.5/76 1485.94 0.04

27a 6/24.0/76 1271.38 0.05
28 6/24.0/76 1059.63 0.04

9/3.5/76 1060.98 0.03

28a 6/24.0/76 846.19 0.04
9/3.5/76 847.87 0.07

29 6/24.0/76 633.21 0.04
9/3.5/76 634.52 0.04

30 6/24.0/76 1633.96 0.10
9/3.5/76 1635.28 0.06

30b 6/24.0/76 1496.47 0.17
31 6/24.0/76 1358.78 0.57

9/3.5/76 1359.99 0.30
31b 6/24.0/76 1221.82 0.47
32 6/24.0/76 2185.57 0.06

9/3.5/76 2188.93 0.03
32b 6/24.0/76 2323.55 0.06
33 6/24.0/76 2463.37 0.06

9/3.5/76 2468.95 0.05
33aa 6/23.5/76 2252.93 0.05

9/4.5/76 2258.45 0.05
34 6/23.5/76 2884.00 0.02

9/4.5/76 2887.36 0.07
35 6/23.5/76 3307.68 0.01

9/4.5/76 3308.72 0.01

B-4 (cont.)

Y

-359.79
-361.32
-1163.97
-1165.28
-1297.48
-1431.80
-1431.59

-1565.89
-1565.73
-1699.71
-1699.68
-475.57
-476.67
-266.13
-56.26
-57.17
153.88

-1320.26
-1322.96
-1532.92
-1745.85
-1750.36
-1885.48
-1889.18
-1465.74
-1470.17
-1184.14
-1187.47

6 y Zs

0.04 4053.28
0.06 4052.34
0.04 4050.91
0.03 4050.48
0.04 4055.26
0.05 4059.19
0.04 4058.86

0.06 4061.57
0.12 4061.04
0.10 4066.89
0.07 4066.23
0.03 4058.87
0.02 4058.20
0.03 4062.98
0.03 4068.43
0.02 4068.23
0.04 4076.04
0.04 4030.94
0.03 4030.25
0.05 402.3.51
0.06 4014.85
0.06 4013.98
0.12 4018.35
0.12 4017.64
0.07 4010.17
0.07 4009.32
0.05 4018.46
0.05 4017.85

Cfz ZD

0.02 4053.28
0.08 4051.14
0.04 4050.91
0.08 4049.55
0.08 4055.26
0.04 4059.19
0.08 4057.78

0.04 4061.57
0.09 4060.03
0.04 4066.89
0.08 4065.26
0.03 4058.87
0.07 4057.11
0.03 4062.98
0.04 4068.43
0.06 4067.03
0.04 4076.04
0.04 4030.94
0.08 4029.07
0.04 4023.51
0.04 4014.85
0.09 4012.68
0.04 4018.35
0.06 4016.49
0.04 4010.17
0.07 4008.08
0.03 4018.46
0.06 4016.39
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Stake
Date

surveyed X Cfx

36 6/23.5/76 2042.99 0.09
9/14.5/76 2047.73 0.11

36a 6/23.5/76 1831.60 0.29
9/14.5/76 1835.71 0.31

37 6/23.5/76 1619.22 0.24
9/4.5/76 1622.65 0.26

5-4 (cont.)

Y cfy Zs Cf"z ZD

-2024.97 0.19 4025.72 0.03 4025.72
-2027.25 0.23 4023.95 0.05 4023.95
-2165.08 0.29 4037.07 0.04 4037.07
-2166.38 0.54 4036.48 0.05 4035.40
-2306.82 0.44 4047.93 0.03 4047.93
-2306.70 0.47 4047.39 0.04 4046.37

268
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Table B-5. 1976 summer velocities in cm/day, caldera glacier surface. 
See table B-4 for times between surveys. 1975-76 winter velocity 
at stake 23 is also included in this table.

Vertical Horizontal Vertical
Azimuth angle component component

Stake e 9 0 Vh (fh Vv (Tv

23a 78 07 22 132 38 28 0.84 0.03 -0.77 0.02
24bb 39 02 08 115 04 20 4.70 0.09 -2.20 0.14
24 37 09 24 119 36 30 3.90 0.08 -2.20 0.14
24aa 35 41 07 119 20 13 3.79 0.08 -2.13 0.20
25 54 21 52 128 03 06 2.85 0.07 -2.23 0.13
26 72 06 39 141 05 30 2.32 0.10 -2.87 0.15
27 29 33 27 115 58 19 3.71 0.09 -1.81 0.16
28 8 50 31 135 12 03 1.91 0.07 -1.92 0.16
28a 5 26 25 131 54 33 2.36 0.11 -2.12 0.17
29 1 25 13 143 05 46 1.69 0.08 -2.25 0.16
30 39 48 2.0 135 07 22 2.40 0.13 -2.41 0.13
31 36 56 44 132 08 09 2.12 0.72 -1.91 0.13
32 38 47 04 111 44 38 6.02 0.09 -2.40 0.16
33 38 56 48 104 42 20 10.03 0.11 -2.63 0.17
33aa 33 50 01 102 24 06 9.11 0.15 -2.00 0.13
34 52 49 15 108 49 26 7.62 0.12 -2.60 0.14
35 72 39 21 118 31 04 4.78 0.09 -2.60 0.19
36 25 41 17 105 27 24 7.21 0.25 -1.99 0.11
36a 17 33 08 108 38 41 5.91 0.63 -1.99 0.12
37 2 00 13 113 43 37 4.70 0.49 -2.07 0.10
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Table B-6. Comparison of snow surface elevations at caldera stakes 8, 
10, and 12, 8/21/75 vs. 8/24/78. See table B-2 for horizontal 
coordinates.

Surface elevation, Surface elevation,
Stake m, 8/21/75 m, 8/24/78 Change
8 4061.82 4062.65 +0.83
10 4055.10 4054.92 -0.18
12 4050.22 4051.34 + 1.12

Table B-7. Surveyed coordinate positions 
stakes, 8 Aug.

in meters, 
1978.

East Crater glacier

Stake X d x _ Y d y Z Cfz .
E-l 264.13 0.02 120.37 0.01 4182.72 0.02

E-2 156.79 0.02 105.27 0.01 4187.95 0.02

E-3 58.97 0.01 102.01 0.01 4187.94 0.02
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APPENDIX C - PHOTOGRAMMETRY

Photography

Twelve sets of vertical aerial photography, suitable for 

photogrammetry, are available for the summit area of Mount Wrangell 

(table C-l). The first set was obtained in 1957; the nine additional 

sets were taken annually from 1972 to 1982. The 1957 photography of the 

Wrangell region was acquired as part of the USGS topographic mapping 

program in Alaska. Vertical aerial photographs of Mount Wrangell were 

obtained by NASA in 1972 and the U.S. Navy in 1973 at the request of the 

Geophysical Institute, University of Alaska. Since 1974, North Pacific 

Aerial Surveys (NPAS), Inc., Anchorage, Alaska, has been contracted by 

the Geophysical Institute to acquire vertical photo coverage of Mount 

Wrangell on an annual basis. The principal objective of the overflights 

was to document changes in the North Crater but additional coverage of 

the mountain was obtained whenever costs and conditions allowed. 

Vertical aerial photo coverage of the summit craters was normally 

acquired at a scale of 1:12,000. The years of broadest coverage of 

Mount Wrangell are 1957, 1972, 1977, and 1978.

Topographic maps

Using a Kern KG2-A2 semiautomatic stereo plotter, NPAS generated 

topographic maps of the North Crater for the years 1957, 1972, 1973, and
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No. Systematic Random

n-ne Agency
Photo Premarks

visible plotter rer
lels error, 
uired C5s

etjor,
Comments

7/17/72 1 :7,600 None Coo7 Kern 1.0 1.0

8/14/74 NPAS 1:12 ,000 Good Kern 1 .0 i .n Profiles only.
7/8/76 NPAS 1 : 12 ,non None Excel lent Kern 0.5 0.5 Profiles and map.
8/27/78 NPAS 1:12,ono Ttiree Good Kern 0.5 0.5 Profiles only.
8/18/79 NPAS I : 12 ,0n0 Three Good Kern 0.5 0.5 Profiles only.
9/9/80 NPAS 1: 12 ,00n Fair

East
1.0

Crater
1 .0 Hap and profiles.

8/9/57 uses 1 :24,800 None Poor Kern 3.0 1 .0 Trofiles only.
7/17/72 NASA 1:7,600 None Fair Kern 2.0 1 .0 Profiles only.
8/27/78 NPAS 1:12 ,000 Three Good Kern 1.0 1.0 Profiles only.
9/9/80 NPAS 1t12,000 Three Fair

Summit Caldera
1.0 Map and profiles.

8/22/75 NPAS 1:36,000 Fair Kern 3 2.0 I .5 Poor snow surface deflnit
tion aided by snow surface theodolite
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1976-80 and of the East and West Craters for 1978 and 1980. A Kelsh 

plotter was used to construct North Crater maps for 1974 and 1975. All 

maps are at a scale of 1:2,000 with a contour interval of 5 m. (Copies 

are available upon written request from Dr. C. Benson, Geophysical 

Institute, University of Alaska, Fairbanks.) Coordinate positions of 

identifiable ground control and other points were transposed to stereo 

models of earlier years to insure their proper adjustment and scale. 

Ground-based surveys of the North Crater in 1961 and 1965-66 (Bingham, 

1967), although not as detailed as the photogrammetric maps, provide a 

degree of continuity between 1957 and 1972.

The 1972 map was constructed from two different sets of aerial 

photos. Excessive drift and insufficient endlap in the lower altitude 

NASA photos resulted in a gap of about 100 m over the middle portion of 

the North Crater. A second model, using much higher altitude NASA 

photos was necessary to complete the map. The contour control

established from the first set of photos allowed reasonable accuracy to 

be maintained when the contours were plotted across the gap using the 

second set of photos.

A map of the entire summit caldera was constructed from the 1975

photography at a scale of 1:10,000 with a contour interval of 10 m and 

is also available from the Geophysical Institute, University of Alaska. 

Perception of the snow surface over much of the caldera was

exceptionally difficult and extensive use was made of snow surface 

elevations determined by theodolite surveys (Appendix B) to guide the 

photogrammetric construction of this particular map.
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Surface Profiles

Elevation profiles of the snow and rock surface were obtained for 

all years of photogrammetric coverage of the North Crater and for 

selected years of coverage of the West and East Craters (table C-l).

The surface profiles were photogrammetrically measured and digitally 

recorded on magnetic tape by NPAS using a Kern KG2-A2 semiautomatic 

stereo plotter in conjunction with a Kern profiling system and a Kern 

DC2 interacting digitizer. This combination allowed the operator to 

select and maintain a specific profile position and direction, move 

along the profile line to a specific location, and then automatically 

record the horizontal coordinates and the elevation determined at the 

point onto paper tape. Digitization of the profiles greatly facilitated 

the subsequent computer calculations of ice volume changes. Because the 

data are acquired directly from the stereo models rather than from 

intermediary contour maps, the original photogrammetric accuracy is 

preserved in the process.

Profiles for the 1972 coverage of the North Crater was not obtained 

in the above manner. The poor quality of the high elevation photos for 

1972 proved unacceptable for generating accurate profiles. Data used in 

volume calculations and profile comparisons were obtained from the 1972 

map.

For the North and East Craters the profiles were taken in an east 

to west direction. This direction was chosen as the X-axis for the 

local coordinate systems established for each of the two craters (figs.
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19 and 34). The center of the computer coordinate system for the North 

Crater profiles was placed at X = -1000 and Y = -500 with respect to the 

North Crater base network coordinate system (see also Appendix D-2). 

This translation was done primarily to remain consistent with the con

vention established by the NPAS photogrammetrists and for east of com

puter calculations. At the West Crater, the X-axis was chosen parallel 

to the long axis of the crater. The profiles there are taken in a 

northeast to southwest direction (fig. 19). The number and spacing of 

points chosen along each profile were generally more than sufficient to 

insure accurate representation of the surface. The spacing of profiles 

along the Y-axis is 20 m for the North Crater and 50 m for the West and 

East Craters.

Computer plots were generated for all profiles across each crater 

for every year that data were available. Figures 13, 14, 30, 31, 32, 

and 35 are examples of the format followed and also graphically 

illustrate the changes which occurred at the respective craters. Such 

plots allowed a rapid check to be made for inconsistencies that might 

have been caused by misreading a coordinate position. The plots also 

provided a means of cross-comparing elevations in regions of exposed 

ground for the various years, thus allowing a check on the consistency 

and accuracy of the individual stereo models.

Accuracy and Precision

The accuracy of any individual photogrammetric measurement of
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position is the closeness of the measured value to the "true" value. 

Precision is the degree of reproducibility of the measurement, commonly 

defined by the deviation of a set of measurements from their mean. 

Accuracy pertains to the quality of the result while precision pertains 

to the quality of the operation by which the result is obtained.

Several factors affect the overall accuracy and precision of 

photogrammetric measurements:

1) The existence and location of photo-control points.

2) The visibility of such points on aerial photographs.

3) The scale and quality of photography.

4) Adjustment of the stereo model.

5) Resolution of the plotting instrument used.

6) Definition and perceptibility of the surface in the stereo

model.

7) The photogrammetrist's ability.

These factors give rise to both systematic and random errors. 

Systematic error refers to a perturbation which influences all 

measurements of a particular quantity equally. Random error refers to 

the scatter in values when repeated measurements of the same quantity 

are made. Random error, is thus a measure of precision. Distinguishing 

between the two types of error is important for ice volume calculations 

because over large enough areas the random errors will tend to cancel 

each other out, thereby increasing the accuracy of the calculation,
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whereas systematic errors will accumulate and tend to be accentuated.

Systematic error can enter into the photogrammetric process in the 

construction and adjustment of the stereo model itself. With the Kern 

KG2-A2 plotter (used for generating most of the topographic maps and 

surface profiles) the systematic errors in the relative and absolute 

orientation of the models are minimized by semiautomatic interfacing 

with an interactive computer program. This program assists in clearing 

parallex until it is imperceptible or minimally perceptible to the 

operator. The program then aids in adjusting the model to conform to

the established ground photo control points. With the Kelsh plotter one

must make these adjustments manually.

To provide accurate horizontal and vertical positions, and the 

scales required for constructing photogrammetric models, a network of 

ground photo control points (also used for glacier surveys) was 

established on and near the margins of the three summit craters and 

along the caldera rim (Appendix A). Care was taken to select as many

points as possible in areas which had been bare of snow since the

earliest photos. The photo-control points are all located within and at 

approximately the same elevation as the terrain being mapped. These 

points are well-marked and easily identifiable on aerial photographs of 

the North Crater for 1975, 1976, 1978, and 1980, and 1978 and 1979 for 

the East and West Craters. One or more of these points had to be 

transposed to stereo models for all other years, thus increasing the 

chances for introduction of systematic errors. Distortions in the 

photographic process can also lead to systematic errors by producing
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distortions in the stereo model.

Once the stereo model is established, random errors arise from the 

inherent resolution limit of the plotting instrument used, and from 

photogrammetrist's ability to perceive the surface. Accuracy of some of 

the photogrammetry was hampered by difficulties in perceiving a clean 

and featureless snow surface. Because perception will tend to be 

similar over a broad area, systematic errors can be introduced.

The theoretical limit of accuracy, 0", for a well-oriented single 

model having optimum ground control and an easily perceptible surface is 

given by

6 =  2 pS

where p is the residual parallax and S is the scale of the photography 

(Hallert, 1960). For a residual parallax under the resolution limit of 

the Kern plotter (p = 0.005 mm) and a photographic scale of 1:12,000, 

typical for the summit craters, the theoretical limit of model accuracy 

is ± 0.12 m.

Under normal operating conditions NPAS estimates the practical or 

working accuracies of well-defined models with good ground control is 

five times the resolution limit of the Kern plotter. Measurement 

reproducibility (or precision) is of a similar order. For a scale of 

1:12,000 this gives a systematic model error limit of <5 - ± 0.30 m and 

a random, operator error limit of = ± 0.30 m. Several independent 

checks were made to verify NPAS' estimates of error.
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The North Crater contour maps and surface profiles from different 

years were compared to each other over regions of exposed ground 

surface. Good agreement would be expected because bare ground is easier 

to "see." Correspondence was typically within 1 to 2 m or less; the 

profiles of 1976 and 1978 were nearly identical. These two years were 

also judged by NPAS to have had the best photogrammetric quality. The 

accuracy of 1976 and 1978 maps in exposed ground areas was further borne 

out by comparing surveyed elevations of several points along the south 

rim of the crater to map and profile elevations. The correspondence was 

nearly exact to within the uncertainty of the interpolation process used 

to derive the elevation's from the maps and profiles ( 0.25 m).

A direct test of accuracy and precision of photogrammetric 

measurements on snow surface elevations was possible in 1978. On August 

24 and 25, 1978, the horizontal and vertical positions of five points 

inside and five points outside the North Crater and three points within 

the East Crater were surveyed to an accuracy of ± 0.05 m or better. 

Aerial photography was acquired on August 26, 1978; no accumulation 

occurred during the intervening time. The horizontal positions of the 

control points were supplied to the photogrammetrist who then made ten 

independent photogrammetric measurements of the elevation at each point. 

The results obtained by photogrammetry and surveying are compared in 

tables C-2 and C-3.

The standard deviations of the photogrammetric readings about their 

mean value for a majority of the points were within the limits of 

reproducibility prescribed by NPAS for well-defined models. For the
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Table C-2. Comparison of photogrammetry* to surveyed elevations at the North Crater.

Qualitative 
assessment of 
resolution on 
aerial photos

Mean (Z) and s. d. of ten Survey
independent photogrammetric measurement Difference

measurements Z = Z - Z

Interior

11(64) 
12(0N3) 
13(NN3) 
14(N7) 
15(N8)

Excellent
Fair
Fair
Excellent
Fair

4164.58 ± 0.20 
4141.15 + 0.14 
4141.27 ± 0.15 
4139.62 + 0.25 
4151.25 ± 0.23

4165.22
4141.31
4141.53
4139.68
4151.57

-0.64
+0.16
+0.26
+0.06
+0.32

Exterior

16(NC23) Poor
17(NC28) Poor
18(NC29) Excellent
19(NC34) Fair
20(NS21) Fair

4100.96 ± 0.87 
4093.73 ± 0.81 
4081.84 ± 0.18 
4075.16 ± 0.22 
4097.18 ± 0.13

4102.89
4098.02
4082.13
4075.80
4097.49

+ 1.93 
+4.20 
+0.29 
+0.64 
+0.31

Date of photography: 8/26/78
Date of survey: 8/24/78 and 8/2.5/78

*Photogrammetry by North Pacific Aerial Surveys, Inc., Anchorage, Alaska.
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Table C-3. Comparison of photogrammetry* to surveyed elevations at the 
East Crater.

EC1 

EC 2 

EC3

NPAS 
qualitative 
assessment of 
visibility

Poor

Fair

Excellent

Mean (Z) and s. d. of 
ten independent 
photogrammetic 
measurements

4184.37 ± 0.13 

4187.29 ± 0.13 

4187.55 ± 0.12

Difference 
A=  z -  z

4182.72

4187.95

4187.94

+ 1.65 

-0 .66  

-0.39

Date of photography: 8/27/78
Date of survey: 8/18/78
Storm on 8/20/78, snowfall unknown.

Photogrammetry by North Pacific Aerial Surveys, Inc., Anchorage, 
Alaska.
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majority of the points the difference between the mean photogrammetric 

elevation and the surveyed elevation was 0.66 m, a little over twice 

the NPAS estimate for well-defined models. In the interior of the North 

Crater, however, the differences for four of the five points were close 

to ± 0.30 m.

The preponderance of positive differences suggests a systematic 

model error, though the number of points is too few to form a definite 

conclusion. It appears that for 1978, any systematic error is probably 

<0.66 m; for the interior of the North Crater it is probably <0.32 m. 

The precision (or reproducibility) of measurements on surfaces having at 

least fair image quality is ± 0.30 m.

The differences in measurements for points 16 and 17 (table C-2), 

were due to the operator experiencing difficulty in perceiving the snow 

surface at these locations. The variances in measurements (up to three 

times that for surfaces with good images) indicate that precision 

deteriorates when images are poor. The difference at point ECl between 

the photogrammetric and surveyed values for 1978 was attributed by the 

operator to the lack of snow definition in this part of the East Crater, 

which was remote from the photo control points (table C-3).

A survey of glacier stakes in the interior of the North Crater in 

1976 allowed a check on the accuracy of the 1976 photogrammetry. 

Although the 1976 photography was acquired about three weeks after the 

survey, the accumulation between dates was known to be about 25 cm. The 

accumulation was just enough to offset the average downward movement at
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these stakes over this time period ('-'1 cm/day, see Appendix B). No 

direct photogrammetric measurements were made at these points, so that 

the photogrammetric elevations were obtained by interpolation from the 

1976 map and surface profiles (table C-4). The differences between 

these values and the surveyed values were all ± 0.5 m. In view of the 

probable uncertainty in the interpolation process of ± 0.25 m, the 1976 

photogrammetry appears to be accurate to within the bounds of 

^ g = ± 0.30 m and (5̂  = ± 0.30 m. NPAS attributed the high accuracy of 

the 1976 photogrammetry in part to excellent surface definition; wide

spread wind-blown dirt covered much of the snow surface at the time of 

the photography.

Table C-l gives the best estimates of probable systematic and 

random errors for 1976, 1978 and for each of the remaining years of 

photogrammetry. These estimates are based on (1) evaluations of each of 

the factors listed on page 278, (2) personal communication with NPAS, 

(3) comparisons of exposed rock areas to 1976 and 1978 photogrammetry, 

and (4) checks against ground based surveys whenever possible. 

Accuracies are best in the interior of the craters and their immediate 

vicinity, generally diminishing away from photo-control points.

Lack of marked photo-control points limited the accuracy of 1957, 

1972, 1973, and 1974 photogrammetry. Photographic distortions also 

affected 1972 and 1973 photogrammetry. The low accuracy of the 1957 

photogrammetry is due to the scale of the photography and the lack of 

good snow-surface definition. Poor surface definition also reduced the 

accuracy in the exterior of the North Crater for 1972 and 1975.
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Table C-4. Map elevations* vs. surveyed positions.

Survey Map Difference,
elevation, Z elevation, Z Z - Z

Marker meters S meters n Smeters

1973

Survey: 8/29/73, Photography: 7/24/73. Accumulation between dates un
known.

WS-l 4144.56 4145.2 -0.6
WS-2 4144.42 4147.1 -2.7
WS-3 4149.55 4153.0 -3.6
WS-4 4151.26 4149.0 -3.3
WS-5 4152.50 4152.7 -0.2
WS-6 4154.25 4154.5 -0.2
WS-7 4152.35 4150.1 + 2.2
WS-8 4152.13 4153.0 -0.9
64 4170.84 4172.1 -1.3
WS-2A 4151.96 4150.6 + 1.4
WS-3A 4157.94 4157.1 +0.8

1975

Survey: 8/22/75, Photography: 8/22/75. Accumulation between dates =

N-l 4127.79 4128.0 -0.2
N-2 4161.36 4161.6 -0.2
N-3 4151.05 4151.8 -0.7
N-4 4143.54 4142.5 + 1.0
N-5 4149.46 4148.5 + 1.0
N-6 4146.81 4148.0 -1.2
64 4168.07 4168.0 +0.1
Pit 1-75 4153.41 4153.1 -0.3

1976

Survey: 6/17/76, Photography: 7/5/76. Accumulation between dates
= 0.25 m.

N-l 4123.33 4123.1 +0.2
N-3 4147.51 4147.2 +0.3
N-4 4138.66 4138.9 -0.3
N-5 4147.52 4147.6 -0.1
64 4167.13 4167.5 -0.5
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Table C-4 (cont.)

Marker

1977

Survey
elevation,

meters

Map 
elevation, Z  ̂ nmeters

Z - Z s  ̂n meters

Survey: 9/2/77, Photography: 7/28/77. 
= 0.70 m.

Accumulation between dates

4144.34
4166.15

1979

4142.8
4165.5

+1.5
+0.6

Survey: 8/21/79, Photography: 8/18/79. Accumulation between dates = 0.

N-3
64

4138.60
4164.72

4138.5
4165.0

+0 . 1
-0.3

*Photogrammetry by North Pacific Aerial Surveys, Inc., Anchorage, 
Alaska.
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Ground based surveys made during 1973 and 1975-1979 provided checks 

on the photogrammetric accuracies for the west interior part of the 

North Crater for each of these years (table C-4). The surveyed 

elevations are accurate to at least ± 0.10 m (Appendix B); the 

corresponding photogrammetric elevations listed in table C-4 were 

measured by interpolating the respective topographic maps or surface 

profiles.

The amount of accumulation at the North Crater in 1973 between the 

date of photography and the date of the survey is unknown. Neverthe

less, the majority of the differences between the surveyed and the 

photogrammetric elevations were less than ± 2.5 m. The 1975 photography 

was acquired on the day that the North Crater motion stakes were being 

surveyed; the map elevations are with ± 1 m of the surveyed values.

Only two stakes set in 1976, survived into 1977 and these were 

surveyed more than a month after the acquisition of the aerial photos. 

The accumulation between the dates of surveying and photograph is 

unknown, but the total accumulation between September 2, 1976 and 

September 2, 1977 was less than 0.70 m. If most of this accumulation 

occurred in August, the differences between elevations determined by 

surveying and photogrammetry could be partially explained by the 

accumulation. The 1979 survey and photography occurred three days 

apart. The agreement between the surveyed and photogrammetric 

elevations is excellent.

Based on the above comparisons, and bearing in mind the uncertainty 

of the interpolations, the estimates of accuracies given in table C-l
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are probably conservative. The changes in snow surface elevations have 

normally far exceeded the uncertainties in the photogrammetry.
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APPENDIX D - ADDITIONAL INFORMATION AND DATA PERTAINING TO HEAT FLOW AND

THERMAL ACTIVITY

1. Method Used for Calculating Volume Changes from Photogrammetry

The digitized photogrammetric surface profiles, as shown in figures 

13, 14, 30, 31, 32, and 35, allowed a simple and convenient method to be 

used in computing the net change in ice volume. The data were fed from 

magnetic tapes to a computer program which integrated the area beneath 

each specific profile to an arbitrarily chosen base elevation. The end 

points of the profile were set by boundaries appropriate for each 

specific region (see next section), and the process was repeated for 

each profile within the region. The areas beneath the profiles were 

then summed and multiplied by the interval width between the profiles to 

obtain the volume between the surface and the arbitrary base level.

The volumes were calculated using the following interpolation and 

integration scheme. Referring to figure D-l, the area,AA^., beneath the 

jth interval along a profile, is given by

A  A. = Z. AX. D-l1 J 3

where
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Figure D-l. Integration scheme used to calculate area beneath profile to arbitrary base Zb>
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is the average elevation of the profile segment, Z^ is an arbitrary base 

elevation set constant for all calculations, and

is the width of the jth interval. Here (X̂  , Ẑ .) and Xj + 1> Zj + P  are 

photogrammetrically determined end points of the jth segment of a 

profile that is assumed to be accurately described by a straight line. 

In practice the photogrammetrist recorded positions whenever a change in 

slope was perceived within limits of operator and instrument error.

The total area beneath the ith profile extending from (X̂ , Ẑ ) to

m m

Ai
j=l 3=1

The volume over the region of interest covered by profiles 1 to n 

is obtained from

m’ Zm' iS Siven ^
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n

"s ~ J_ ki A Y 0-5
i=l

where

A Y  = width between profiles and

W = total volume from the surface to the base elevation.

Here A = n . A.Y is the area of interest.

The volume fluxes were then determined by subtracting volumes for 

the respective dates of interest and dividing by the period, e.g.,

Vg (1975-1974) = [W (1975) - Wg ( 1 9 7 4 ) ] t D-6

The volume given by equation (D-5) is an approximation to the true

volume in that the summation processes are an approximation to the 

integration

ffu x,y) dx dy
The accuracy of equation (D-5) depends in part on the interval

width,AY. The width should be small enough so that points along the

profile adequately represent the elevation for half an interval width to 

either side of the profile point. In practice, the choice of interval
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width had to be balanced against the costs of data acquisition, computer 

usage, and computer storage.

Over most of the North Crater, the snow surfaces are either smooth 

enough, or the elevation changes have been great enough, so that 20 m 

was considered a reasonably accurate compromise for the spacing of 

profiles. The snow surface slopes vary so minimally at the West and 

East Craters that a 50 m spacing was adequate.

Assuming the profiles adequately represent the Y-interval width, 

the uncertainty in volume calculations is then a function of the 

accuracy of the photogrammetry. Each photogrammetric measurement has 

associated with it an uncertainty which is composed of a systematic and 

random part (Appendix C). The contribution of the combined systematic 

photogrammetric error in horizontal and vertical position can be 

evaluated by reference to figure D-2. A shift in vertical position of 

the model by an amount (5*v results in a net systematic error from the 

true area beneath the profile of

(f'v (A) = 6 V L

L = X, - X = X', - X'

Similarly, a shift in horizontal position results in a systematic error 

of
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(5 'h «  ZV D-9

Figure D-2 illustrates the situation in which the two systematic 

errors are partially self-compensating. If the general slope of the 

profile in figure D-2 been in the opposite direction, or if the 

systematic shift in horizontal or vertical position were reversed, the 

errors would become additive. Because the two systematic errors are 

independent of each other, the combined uncertainty due to possible 

systematic errors in model position, Cfs(A), can be treated as random 

errors and becomes

From Appendix C, table C-l, the estimated systematic errors in 

horizontal and vertical position are usually the same. Also, in most 

cases (z’n ~ z'j) is^l/5L. Equation D-10 can then be reduced to

The total systematic uncertainty in the volume calculation is then

D-10

D-ll

n

D-12

i=l
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Figure D-2. Net systematic error in area delineated by cross-hatching.
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n

where = Y

x=l

is the horizontal area of the surface.

The random errors associated with each photogrammetric measurement 

of position consist of two parts: vertical and horizontal. However, for 

the purposes of computation, the X positions defining the interval width 

AX are fixed with no associated error. As illustrated in figure D-3 

the random error in photogrammetric location of X, (X')> vs. the true 

location, (X), then translates into a corresponding error in vertical 

position. Thus, the reported coordinates are X, Z' rather than X,Z 

where

and 0 is the slope of the surface profile. Figure D-3 illustrates the 

case where the errors are self-compensating. In general, the two errors 

are independent so that a less pessimistic estimate of the combined 

random error in vertical position is given by

Z' = Z + (CT + 0^ tan 9) D-13

CT = [CTZ2 + 2 (tan 6) 2]’5 D-14

From Appendix C, table C-l, 0^ is usually the same value as 0^ 

and is taken as 0T. In most cases 0^30° so that
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Figure D-3. Random errors in vertical position.
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o \ <  1.1 a

The random error in area for the jth interval is then

C(AA.) = Ax.

and

(5r (AA^ <  1.1 O x D-16

The cumulative random error in area for the profile is then

CT ( A . ) ^  [ ^ d . i  &  A X.)2]'2

and for the volume

CT (W)^ [/  (1.1 

' i=l

r^a.i o; (a.:(A.) ] 2 Y

To obtain an estimate of the ratio of systematic to random errors in the 

volume calculations the case where the interval length,AX, is constant 

is considered so that
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I -

where p is the total number of intervals ^X contained in the combined 

length of all the profiles, p corresponds here to the total number of 

photogrammetrically determined points used to specify the surface and is 

equivalent to m times n. Equations D-12 and D-18 then reduce to

( f ' m  ~  (J- A  Y • p-ZlX D-20

(T (W)^- 1.1 <jT • A Y  ■ /p1 • A X  D-21

From Appendix C, ~  and

O ' m  i-i J? „_22
of™ '  p

In this study, never less than 200 points (and normally on the order of 

several hundred points) were used to specify a particular surface. Thus

a <
Ci <«) '

In most situations, the effects of random errors can be neglected
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compared to the systematic errors. The uncertainty in volume 

calculations is thus taken to be

where is the systematic error in vertical position and is the

horizontal area of the surface being evaluated.

For volume fluxes, the probable uncertainty of volume differences 

can be determined by using the equation,

Here, can be as considered random uncertainties because they are

derived from independent photogrammetric models.

The tables that follow give the coordinate positions of the 

beginning and end points (X̂  and , respectively) of each profile line, 

Y, used in calculating volume changes. The boundaries for the North 

Crater areas are referenced to the coordinate system that was used in 

the computer program. To obtain coordinate positions with respect to 

the coordinate system shown in figure 20 the following linear transform 

should be applied,

O'(w) = <7 . ^ D-24

D-25

2. Areas Used for Ice-volume Calculations
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where X and Y are the coordinate positions given in tables D-l through 

D-9.

Boundaries for the West and East Crater areas are referenced to the 

coordinate systems shown in figures 20 and 34 respectively.

Table D-6 gives the boundaries of the area of overlapping coverage 

between the 1957 and 1980 North Crater photogrammetry. The "exterior" 

area used to obtain the results in table 9 is the area given in table 

D-6 minus the "interior" area defined in table D-l.

3. Discussion of Accumulation Estimates.

A detailed treatment of accumulation patterns at the summit of 

Mount Wrangell is being prepared by C. Benson (personal commun., 1983). 

Accumulation studies were first undertaken in 1961 and have been 

conducted periodically through 1982. Snow pit studies were performed in 

1961, 1965, 1975, 1976, and 1982. Snow cores were obtained to a depth 

of 20 m at the North Crater in 1965 and to 40 m in the caldera in 1982. 

Stable isotope analyses (^0 and D) were performed on snow obtained from 

the 1975, 1976, and 1982 snow pits and core. Annual layers are pri

marily distinguished by stratigraphic changes in snow hardness, density, 

and stable isotope composition. Accumulation measurements at glacier

301

x '  = X -  1000 d - 2 6
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Table D-l. Coordinate boundaries of interior North Crater.
= 5. 164 x 10̂ . See text for discussion of referenc

Y X1 X2 Y X1

500 960 1080 960 820
520 920 1140 980 820
540 900 1180 1000 820
560 880 1300 1020 820
580 860 1340 1040 860
600 840 1400 1060 860
620 840 1440 1080 880
640 820 1460 1100 900
660 820 1480 1120 920
680 800 1500 1140 940
700 800 1500 1160 940
720 800 1520 1180 960
740 800 1540 1200 960
760 800 1540 1220 980
780 800 1540 . 1240 1000
800 800 1560 1260 1040
820 800 1580 1280 1060
840 800 1580 1300 1120
860 800 1580 1320 1140
880 820 1580 1340 1160
900 820 1580 1360 1180
920 820 1580 1380 1200
940 820 1580

area

X 2

1580
1580
1580
1580
1580
1560
1560
1560
1540
1520
1500
1480
1480
1460
1460
1440
1400
1380
1380
1380
1380
1360
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Table D-2. Coordinate boundaries of ice-covered interior North Crater,
1972-1974. Total area = 3.711 x 10^ m̂ '. See text for discussion
of reference axes.

Y X1 X2 Y X1 X2

520 980 1050 860 850 1580
540 940 1130 880 870 1585
560 905 1145 900 920 1585
580 880 1160 920 930 1590
600 870 1180 940 920 1510
620 860 1190 960 920 1510
640 850 1185 980 930 1590
660 840 1185 1000 930 1590
680 835 1190 1020 935 1580
680 1225 1265 1040 930 1575
700 830 1275 1060 940 1535
700 1350 1475 1080 940 1525
720 825 1285 1100 930 1400
720 1350 1490 1120 930 1400
740 820 1500 1140 940 1390
760 820 1530 1160 950 1370
780 820 1540 1180 960 1350
800 825 1550 1200 975 1320
820 830 1580 1220 990 1165
840 840 1580 1240 1015 1135
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Table D-3. Coordinate boundaries of ice-covered interior North Crater,
1974-1980. Total area = 3.117 x 10^ m^. See text for discussion
of reference axes.

Y X1 X2 Y X1 X2
--- --- ---- ---- ---- ----
540 1000 1100 820 840 1570
560 980 1135 840 840 1570
580 900 1150 860 870 1565
600 880 1165 880 885 1520
620 870 1180 900 920 1520
640 860 1185 920 920 1515
660 850 1185 940 915 1510
680 845 1195 960 920 1505
700 835 1205 980 940 1505
700 1370 1415 1000 945 1510
720 830 1290 1020 945 1505
720 1380 1485 1040 945 1520
740 830 1295 1060 945 1520
740 1345 1515 1080 945 1510
760 830 1295 1100 940 1395
760 1340 1540 1120 955 1390
780 830 1290 1140 970 1365
780 1355 1560 1160 980 1340
800 835 1290 1180 985 1320
800 1355 1560 1200 980 1300
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Table D-4. Coordinate boundaries of areas A and B, North Crater. See
text for discussion of reference axes.

Area A, 5.88 x 104 m2 Area B, 5.55 x 104 m2

Y X1 X2 Y X1 X2

540 980 1120 620 1140 1180
560 940 1140 640 1100 1180
580 880 1160 660 1040 1180
600 860 1180 680 1000 1180
620 860 1140 700 980 1185
640 840 1100 720 980 1190
660 840 1040 740 960 1195
680 840 1000 760 960 1200
700 820 980 780 940 1210
720 820 980 800 940 1225
740 820 960 820 940 1240
760 820 960 840 1000 1260
780 820 940 860 1060 1290
800 820 940 880 1160 1260
820 840 940
840 860 940
860 860 940
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Table D-5. Coordinate boundaries of thermal zones 2 and 5, North
Crater. See text for discussion of reference axes.

Thermal zone 2, 2.44 x 10^ m^ Thermal zone 5, 4.96 x 10^ m^

Y X1 X2 Y X1 X2

700 1340 1400 900 1180 1440
720 1220 1420 920 1140 1440
740 1220 1420 940 1120 1440
760 1240 1420 960 1120 1420
780 1240 1420 980 1120 1400
800 1240 1420 1000 1140 1400
820 1280 1420 1020 1160 1380
840 1300 1380 1040 1180 1380

1060 1220 1380
1080 1280 1380
1100 1300 1380
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Table D-6. Coordinate boundaries of overlapping area covered by 1957 
and 1980 photogrammetry of the North Crater. Total area = 1.6769 
x 10^ m^. See text for discussion of reference axes.

Y X1 X2 Y X1 X2

240 757 1283 1000 375 1800
260 733 1197 1020 380 1800
280 722 1240 1040 378 1768
300 693 1128 1060 396 1761
320 667 1123 1080 466 1772
340 653 1198 1100 473 1754
360 634 1252 1120 466 1754
380 611 1400 1140 480 1780
400 591 1400 1160 480 1800
420 573 1407 1180 500 1753
440 562 1420 1200 520 1725
460 542 1420 1220 520 1701
480 520 1440 1240 526 1659
500 520 1440 1260 562 1669
520 520 1440 1280 584 1678
540 520 1540 1300 594 1758
560 520 1600 1320 609 1715
580 520 1610 1340 638 1755
600 520 1656 1360 638 1743
620 520 1622 1380 663 1756
640 520 1631 1400 673 1990
660 520 1640 1420 668 1971
680 520 1620 1440 695 2015
700 520 1620 1460 729 2017
720 520 1600 1480 750 2015
740 520 1640 1500 757 2012
760 303 1720 1520 792 2010
780 308 1740 1540 823 2015
800 301 1764 1560 833 2005
820 286 1795 1580 858 2014
840 339 1797 1600 877 2013
860 331 1815 1620 866 1956
880 280 1831 1640 875 1938
900 339 1840 1660 936 1829
920 320 1814 1680 961 1798
940 363 1840 1700 981 1735
960 353 1820 1720 998 1707
980 378 1800 1720 998 1707
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Table D-7.. Coordinate: boundaries of areas at the North Crater that
became ice-free by summer, 1982. See text for discussion of
reference axes.

West Rim, 7.08 x 104 m2

Y X1 X2 Y X1 X2----- -----  ----- ----- ----
480 935 1150 840 755 850
500 910 1230 860 760 870
520 895 1270 880 770 885
540 890 1000 900 800 920
560 875 980 920 820 920
580 855 900 940 820 915
600 830 880 960 820 920
620 815 970 980 820 940
640 805 860 1000 820 945
660 795 850 1020 840 945
680 780 845 1040 860 945
700 770 835 1060 860 945
720 765 830 1080 880 945
740 760 830 1100 900 940
760 755 830 1120 915 955
780 755 830 1140 940 970
800 755 835 1160 960 980
820 755 840 1180 960 985

South Rim, 5.57 x 104 m2

540 1100 1325 680 1195 1520
560 1135 1370 700 1205 1370
580 1150 1405 720 1290 1380
600 1165 1430 740 1295 1345
620 1180 1480 760 1295 1340
640 1185 1500 780 1290 1355
660 1125 1510 800 1290 1355

Thermal Zone 1, 5.20 x 103 m2

700 1465 1520 760 1540 1580
720 1485 1520 780 1560 1580
740 1515 1560 800 1560 1625
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Table D-7. (cont.) 

East Rim, 1.042 x 10̂

820 1570 1670 1080 1510
840 1570 1695 1100 1395
860 1565 1705 1120 1390
880 1520 1715 1140 1365
900 1520 1725 1160 1340
920 1515 1740 1180 1320
940 1510 1730 1200 1300
960 1505 1670 1220 1020
980 1505 1660 1220 1280
1000 1510 1655 1240 1065
1020 1505 1650 1260 1140
1040 1520 1635 1280 1170
1060 1520 1630 1300 1200

1320 1255

1610
1595
1585
1570
1570
1570
1580
1220
1515
1520
1520
1365
1355
1340
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Table D-8. Coordinate boundaries of ice-covered
interior of West Crater. Total area =
2.1435 x 105 m2. 
in figure 20.

Reference axes; are shown

Y X1 X2
--- --- ----
100 502 752
150 498 865
200 478 892
250 458 1000
300 452 1000
350 440 1000
400 472 1000
450 480 918
500 502 866
550 504 780
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Table D-9. Coordinate boundaries of interior
5 2East Crater. Total area = 1.87 x 10 m . 

Reference axes are shown in figure 35.

Y X1 X2

0 58 370
50 15 410
100 21 450
150 18 460
200 2 471
250 16 470
300 37 463
350 58 409
400 81 360
450 145 329
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stakes for various periods supplemented the information obtained from 

the snow pit and core studies. Accumulation information used for 

determining net volume changes attributable to basal melting in this 

study were obtained from previous accumulation studies and C. Benson's 

accumulation data file.

The average accumulations for area A and area B of the North Crater 

for the period 1957 to 1965 were determined from snow pit and accumula

tion studies to be about 0.50 m/yr and 1.00 m/yr water-equivalent 

respectively (Benson, 1963; 1968; Wharton, 1966). For periods between 

1965 and 1975 estimates of accumulation were based on the identification 

of annual layers in snow pit stratigraphy in the North Crater and 

caldera (C. Benson, unpublished data). A degree of ambiguity exists in 

interpreting the annual layers (C. Benson, personal commun., 1981) and 

in some cases the average for several years had to be used for estimates 

of annual accumulation.

Stratigraphy in a snow pit suggested that the annual rate of 0.50 

m/yr water-equivalent for the central region continued into the summer 

of 1975 (C. Benson, personal commun., 1981). However, the stratigraphic 

layers in the lower part of the pit were not well-defined and, for 

periods before 1973, the average accumulations could be interpreted to 

be as low as 0.25 m/yr water-equivalent. The horizons marking the 

summers of 1973 and 1974 are distinct and the annual accumulation 

estimates of 0.50 m/yr (1.43 m/yr snow-equivalent forJ>= 0.35 t/m^) are 

probably good to ± 15 percent.

Based on measurements of accumulation stakes emplaced in the west
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and north sectors, no net accumulation occurred in the North Crater 

between August 1975 and July 1976 (stake positions are given in table 

B-l, Appendix B). Only two stakes, N-3 and S-64, survived from 1976 

into the summer of 1977. A new stake was installed at the position of 

N-3 in 1977, and it survived through the summer of 1979. Accumulations 

at N-3 between 1977-78 and 1978-79 were taken to be representative of 

accumulations in the western region with an uncertainty of about ± 

0.25 m. An accumulation of 2.0 m of snow at N-3 between August 1979 to 

August 1980 is estimated from a snow pit dug at the site in August 1980 

(C. Benson, personal commun., 1981).

The annual accumulations at stake N-3 between 1975 and 1978 were 

well below the pre-1975 average of 0.50 m/yr (~>1.4 m of snow) that had 

been determined from snow pit studies. The accumulation recorded at the 

stake increased substantially and exceeded the pre-1975 average rate in 

both 1979 and 1980. In 1981 accumulation was exceptionally heavy; 

between April and August the altitude of the snow surface increased 

by an average of 1.9 m in area A, and by 1.4 m in area B (C. Benson, 

personal commun., 1983). Such a fluctuating pattern of annual accumula

tion was also seen in the stratigraphic record of previous snow pit 

studies (Benson, 1961, 1968; Wharton, 1966).

In contrast to the accumulations at stake N-3, accumulation at 

stake S-64 from 1966 to 1979 was substantially lower, the total 

accumulation being less than 4.0 m of snow ('-'■'1.40 m water-equivalent) 

with several years having little or no accumulation at all. Snow pit 

studies and stake accumulation measurements at S-64 showed that
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accumulation prior to 1966 was similar to the crater average. The cause 

of this anomalous change is not understood. Vapor plumes rising from 

the North Crater floor may be deflecting moisture-bearing air masses 

away from the area surrounding S-64. Alternatively, because S-64 is 

situated at the edge of a ridge, high winds may be deflating the snow

fall around the stake.

No snow pit studies were made within area B after 1966. The values

used in estimating the accumulations over areas in the main portion of

the crater were taken to be the same as determined at snow pit 2-75 and 

stake N-3 but with twice the estimated uncertainty.

The accumulation rates and patterns for regions exterior to the 

North Crater are not well-known and, for the purposes of this study, are 

assumed to be similar to those inside the crater.

4. Discussion of Ice Flux Estimates

During 1968 the North Crater became a closed system with ice no 

longer flowing out of the crater. Prior to 1968 and for the various 

subareas being examined, however, ice flux estimates are needed to 

evaluate heat flow. Ice velocities are best documented for area A, and 

estimates of ice flux elsewhere in the crater are based at least 

partially on the analysis of area A.

Stake velocities measured in 1965-66 showed little horizontal 

movement over the middle of area A (Bingham, 1967) . The only pronounced 

horizontal flow occurred near, and was directed towards, the crater rim.
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Some minor horizontal flow did occur at the northeastern end of area A. 

Based on ice thickness and Bingham's surface velocities, ice flux from 

area A into the main crater probably did not exceed 5,000 m^/yr.

Except for stake N-3, 1975-76 was the only year after 1966 in which 

stake velocities were measured in the North Crater. Estimates of ice 

flow from area A after 1966 therefore had to be based in part on glacier 

velocities in area A measured between 1975-76 (Appendix B). These 

velocities were projected onto a vertical cross-section of ice at the 

eastern boundary of area A. The ice flux was calculated by using the 

normal components of the projected velocities over the cross-sectional 

area with an assumed maximum ice thickness of 60 m. Plug flow was 

assumed in these calculations and this is probably a valid approximation 

for the case of cold ice overlying basal ice at 0°C. Ice fluxes before 

and after 1975-76 were adjusted for changes in ice thicknesses as 

determined from photogrammetry. Horizontal velocity at stake N-3 was 

found to decrease at an annual rate of 4 percent between 1975 and 1978 

(Appendix B) and this factor was used as an additional correction on the 

ice flux estimates back to 1972.

Increased heat flow in the southern and central parts of the crater 

began drastically changing ice flow patterns in the crater after 1966. 

The lowering of the snow level in the main crater probably caused 

increases in ice flux from area A to area B by 1967, with the flow 

becoming progressively greater in later years. The net ice flux from 

area A estimated for 1966-72 was based on the assumption that ice flux 

followed a linearly increasing trend beginning with the estimated
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pre-1966 losses of 5,000 m /yr.

The largest uncertainty in estimating ice flux from area A arises

from the assumed ice thicknesses for the middle part of the

cross-section (the location of the deepest and fastest moving ice).

These depth estimates are based on a model for the remnant smaller

crater assumed to he a scalloped paraboloid of revolution whose

dimensions were estimated from the size and slope angle of the visible

portions of the rim. The estimates are probably accurate to ± 10 m 
3 3which translates to ± .007 x 10 m /yr uncertainty in ice flux. Any 

errors in estimating ice thicknesses systematically applies to all years 

and tends to cancel when changes between successive periods are 

compared.

Interior: The ice velocities at the southern breach of the North 

Crater are not known and direct evaluation of interior North Crater ice 

flux losses for 1957-65 and 1965-66 was not possible. Unfortunately, 

not knowing the ice flux prevents direct use of glacier calorimetry to 

estimate North Crater heat flux for these periods. The average heat 
2

flux of 5.0 W/m determined for area A for 1957-65 (pg. 86), however, 

probably serves as a reasonable estimate of heat flux for the younger, 

larger, and structurally lower eastern segment. Using this assumption, 

an estimate of pre-1966 annual ice flux losses from the North Crater was 

made (table D-10) which in turn provided an estimate of ice flux losses 

for the period 1966-68.

The net volumetric gain within the North Crater for the period 

1957-65 was estimated at 1.3 x 10^ nf* (page 78). Using P *0.44 t/m^ for

3
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Table D-10. Estimates of 1957-1965 average ice flux from the North 
Crater, area B, and thermal zone 5, from mass balance.
Volumes in 10 m3 water equivalent.

Thermal
Interior Area B zone 5

Net mass balance 0.57 0.09 0.09
Accumulation 3.04 0.33 0.38

Basal melt* 1.54 0.16 0.13
Net ice flux 0.93 0.08 0.16

Average annual ice flux 0.12 0.01 0.02

*Based on an assumed heat flux of 5.0 W/m2 and basal ice density of 
0.91 t/m3.
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the snow near the surface of the ice column (Benson, 1963, 1968; 

Wharton, 1966), the net mass balance is then ~0.57 x 10̂  m3/yr). Using 

Wharton's data, the accumulation over the interior North Crater area of 

0.5 x 10^ m3 during this period is estimated at 3.04 x 10̂  m3. From 

table D-10, column 1 the estimated ice flux out of the North Crater is 

0.93 x 10^ m3 over the eight year period or an average of 0.12 x 10̂  

m3/yr.

As a check on the reasonableness of this estimate, the ice velocity 

corresponding to this flux was calculated. The cross-sectional area of 

ice flowing out of the North Crater during 1957-65 determined from later 
2photogrammetry was 26,000 m . An assumption of plug-flow over the rim

is reasonably valid in view of basal ice at melting point with cold ice

above and large crevasses at the rim. Using an average thickness of the
3cross-section of ~50 m and an average density of 0.6 t/m for this ice 

thickness (cf. fig. 21) gives a volumetric ice flux of 0.20 x 10^ m3yr. 

The average surface horizontal velocity would then be *~7 m/yr which 

compares reasonably well to the horizontal surface velocity of 5 m/yr 

determined for a stake located about 150 m from this rim in 1965-66 

(Bingham, 1967).

The ice flux volumes in table 2, used for 1966-68, are based on 

this estimate of 0.20 x 10^ m3/yr ice flux out of the crater before

1965. Aerial reconnaissance photos showed ice had essentially ceased 

flowing out of the North Crater sometime before July 1968. Because the 

ice at the southern crater rim had thinned substantially during 1966-68, 

the total ice flux for this 2 year period was estimated at probably less
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than 1.5 times the pre-1965 annual ice flux.

Area B: The net ice flux from area B between 1957 and 1965 was also 

estimated using the mass balance equation as outlined in table D-10. 

The resulting ice flux value was used in estimating the ice flux loss 

from area B during the initial years of heating, i.e., 1966-68.

During and after the summer of 1968, the steepening snow slope in 

area B towards the active thermal zones 1 and 2 probably increased ice 

flux leaving area B. However, because of concomitant steepening of 

slopes in area A and in the area north of area B, ice flux into area B 

would have also increased. Stake N-5, located in area B near the 

boundary with area A, had an average horizontal velocity of 7.5 m/yr 

during 1975-76. This velocity was used to estimate the amount of ice 

flowing towards thermal zones 1 and 2 from 1972 onwards. Flow 

cross-sections were determined from appropriate photogrammetry. 

These ice fluxes, which ranged from 0.15 x 10̂  m"̂ for 1972 to 0.12 x 10̂  
3m for 1980, were then reduced by the amount of ice flowing into area B 

from area A and additional amount, assumed equivalent to ice flux from 

A, for flux coming from the area north of B. To estimate the ice flux 

loss for 1968-72, the net ice flux loss was assumed to have increased 

linearly from '*'0.01 x 10^ m^/yr for 1966-68 to 0.05 x 10̂  nfVyr in 

1972-73.

Thermal zone 2: Ice flux into the thermal zones 2 and 5 must also 

be taken into account when computing the total basal melt for these 

specific areas. In 1966-68, thermal zone 2 was entirely surrounded by 

ice whose slope steepened towards the heated center of the zone
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(fig. 10). By 1972, slopes had steepened considerably and a portion of 

the ice bounding thermal zone 2 on the west had completely melted. In 

estimating the flux into thermal zone 2 a conservative horizontal flow 

velocity of 5 m/yr was assumed for the period 1966-68. This velocity 

was then assumed to have increased to 7.5 m/yr during 1968-72. In 

estimating ice flux for the intervals between 1972 and 1980, an average 

horizontal velocity of 10 m/yr was used for the ice flowing into thermal 

zone 2. This latter estimate is based on air photo analysis of crevasse 

movement towards thermal zone 2 (M. Sturm, personal commun., 1981).

Cross-sections were determined by comparing the appropriate years 

of photogrammetry. In 1972, roughly two-thirds of thermal zone 2 was 

surrounded by ice, averaging about 90 m in thickness. Ice thickness 

gradually decreased to an average of about 40 m in 1980 with the area 

surrounded by ice decreasing to about one-half.

Thermal zone 5: Ice flux losses from thermal zone 5 for the period 

1957-65 were estimated in the same manner as was done for area B (table 

D-10). The analysis results in a net ice flux loss of 0.02 x 10̂  m^/yr
3based on an average ice column density of 0.8 t/m . This ice flux from 

thermal zone 5 was assumed to continue through 1972. A depression over 

the center of thermal zone 5 first appeared in photographs taken during 

the summer of 1973, so that net ice flux probably began shifting towards 

thermal zone 5 sometime during 1972-73 and ice loss from the zone was 

probably negligible during this period.

The depression over thermal zone 5 had become quite pronounced by 

1974 and an inward velocity of 5 m/yr was assumed for ice surrounding
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the zone. Ice collapse into the center of the zone by the summer of 

1975 resulted in steepening slopes. Ice velocities of 10 m/yr were 

assumed in estimating inward ice flux after 1975.

Exterior: Ice flux on the North Crater's exterior is not known but 

the similarity of the 1957 and 1966 surface elevations indicates 

accumulation was in equilibrium with ice flux and basal melt prior to 

1966. For most of the exterior surface changes between 1966 and 1980 

have been less than 10 m and most of this change in volume can be 

att’ibuted to increased basal melt and to the loss of ice flux from the 

interior North Crater after 1968.

5. Volume Corrections for Subglacial Cavities

Thermal zones 2 and 5 are the only areas which had surface-ice 

depressions large enough, and which persisted long enough, to warrant 

corrections for subglacial cavities. A depression over thermal zone 2 

appears in oblique aerial photos taken in 1968 (fig. 10). The 

dimensions of the cavity underlying the depression cannot be estimated 

because photogrammetry is lacking for this particular period. However, 

the pressure of the 100-m thick ice would have tended to keep cavity 

size small.

July 1972 photogrammetry shows a deep trough flanked by extensional 

crevasses over themal zone 2 (figs. 9, 13). By July 1973, the crevasses 

had widened considerably and the trough had deepened into a V-shape, 

indicating that the overlying ice was collapsing into the cavity. By
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June 1974, the ice overlying the zone had completely melted. Surface 

geometry and ice thickness, as shown in figure 13, indicate cavity 

height during July 1972 did not exceed 30 m. Observations from 

subsequent years revealed the depression was created by three highly 

pressurized fumaroles along a 50-m linear zone. Cavity geometry in 1972 

was therefore estimated to be a 50-m long, 30-m high half-cylinder with 

a volume of~0.13 x 10̂  m^. Half of this volume is estimated to have 

filled in by the collapse of ice by July 1973; the remainder opened with 

the complete melting of 1974.

The depression over thermal zone 5 began forming between 1972 and 

1973 and became pronounced by August 1974. Partial collapse occurred in 

1975 and again 1976. Examination of available stereo images and 

photogrammetry indicates that size of the depression remained stable 

until complete collapse occurred in 1979. Analysis of surface 

geometries and ice thicknesses in figure 14 give an estimated cavity 

size during August 1974 of 0.22 x 10̂  nf*. Half of the volume is taken 

to have formed between July 1972 and July 1973. The partial collapses 

in 1975 and 1976 are judged to have filled volumes of about 0.03 x 10̂
3m each, with the residual cavity volume being opened in 1979.

Corrections for subglacial cavities are given in row 5 of tables 2, 

5, and 6.

6. Heat Losses from Temporary Crater Lakes 

Most of thermal zone 2 became ice free between 24 July 73 and 14
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August 74 and much of thermal zone 5 became ice free between 7 August 78

and 4 September 80. Glacier calorimetry for these two thermal zones

therefore provides only a minimum estimate of heat losses over these

periods. To obtain a better approximation of actual heat losses during

these critical periods of intense activity, the glacier calorimetry 

estimates can be augmented for heat losses from the surfaces of the 

small meltwater lakes which existed for brief periods in each zone. 

Sutton (1953) has shown that the total heat loss from a calm water 

surface can be estimated from

Ft = F (1 + R) + F (D-28)

R = Fd/l?e = Bowen's ratio = 6.1 x 10" p s a (D-29)
(e " eJ

Here,

Ft = total heat loss

Fg = heat lost by evaporation

F^ = heat lost by conduction and eddy diffusion (sensible heat 

loss)

Fr = heat lost by radiation
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p = atmospheric pressure in mm Hg ( 454 mm Hg for Mount 

Wrange11's summi t)

T = temperature of water surface in °C

= temperature of air in °C

eg = vapor pressure of water at temperature in mm of Hg

and

e^ = vapor pressure of water at temperature in mm of Hg

The lake waters were probably in turbulent convection so that 

Sutton's formula does not strictly apply; however, it should give a 

minimum estimate of heat losses.

The following semi-empirical formula for the rate of evaporation 

from water surfaces is given in the International Critical Tables 

(Washburn, 1929):

M = (0.031 + 0.0135 w) (e - e ) —  (D-30)s a p

where

2M = rate of evaporation in kg/m hr 

w = air velocity in m/sec

The heat lost by evaporation is then = H^M where H^ is the latent 

heat of evaporation.

No observations were made on the floor of the North Crater during
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any of the intervals when crater lakes existed, and no lake temperature 

measurements are available. Icebergs were observed floating in the 

meltwater lakes and are visible on the aerial photos used for the photo

grammetric volume calculations. Lake surface temperatures thus must 

have ranged as low as 0°C. Regions near the centers of these lakes, 

however, were usually kept ice free by turbulent convection of heated 

subsurface waters. For this analysis temperatures in this upwelling 

plume are assumed to have exceeded at least 20°C. As a comparison, 

temperatures up to 36°C were measured in a meltwater crater lake in 

Sherman Crater, Mount Baker, Washington, (where similar increases in 

geothermal heating have occurred and where the mean annual temperature 

is about 0°C) (Freidman and Frank, 1980).

Average wind velocity at the crater floor is also unknown, 

therefore, equation (24) was evaluated for two conservative estimates of 

wind speed, W = 0 m/s and W = 1 m/s.

The combined heat loss by evaporation, conduction, and diffusion 

from the lake surfaces is plotted in figure D-4 as a function of 

temperature and wind speed for prevailing conditions at the North 

Crater. Values of vapor pressure and latent heat of evaporation of 

water used in evaluating equations (D-34) and (D-35) were obtained from 

Dorsey (1940). Bowen's ratio for the conditions illustrated in figure

D-4 ranged from a minimum of 0.54 for a lake surface temperature of 20°C

and an air temperature of -10°C to a maximum of 2.28 for a lake surface

temperature of 0°C and an air temperature of -20°C.

As an example, using an average summer atmospheric temperature of
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COMBINED HEAT LOSS (W /M*)

Figure D-4. The combined heat loss by evaporation, conduction, and diffusion from a water surface as 
function of water temperature. Cases for three different air temperatures (Ta) are illustrated. 
Curves 'a' are for a wind speed of 0 m/s; curves 'b' are for a wind speed of 1 m/s.
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-10°C and 1 m/sec for W, the range of heat fluxes from figure D-4 at 

temperatures of 0° to 20 °C is 270 W/m2 to 1200 W/m2, with a median 
2value of about 650 W/m . Using the mean annual air temperature at the

North Crater of -20°C, the average heat-flux range for the same lake 
2 2surface conditions is 620 W/m to 1550 W/m , with a median value of 

about 990 W/m2.

According to Friedman and others (1976) and Friedman and Frank 

(1980) the radiant flux emitted from one surface can be compared to that 

from another nearby surface, and the differential radiant flux can be 

approximated by the Stefan-Boltzman law. Thus, a body at absolute 

temperature Tp surrounded by a black enclosure with walls at absolute 

temperature T^, will lose heat at the rate

Fr = ^(eTj4 - T24) (D-31)

where ($ is Stefan's constant and e is the emissivity of the surface. 

For application to the crater lakes, e is 0.95, is the temperature of 

the lake surface and is taken to be the temperature of the adjacent 

non-anomalous snow surface. Radiant heat losses for conditions 

applicable to the North Crater lakes are plotted in figure D-5 as a 

function of reference-surface temperature and lake-surface temperature. 

For example, for a reference-snow-surface temperature of -20°C and a 

lake-surface temperature of 10°C, differential radiant flux is about 125 

W/m2.

The crater lake in thermal zone 2 existed for at least three months
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DIFFERENTIAL RADIANT FLUX (W /M 2)

Figure D-5. Differential radiant flux from a water surface calculated 
from equation (31) for three different water temperatures, as a 
function of reference surface temperature.
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prior to the 14 August 1974, photogrammetry. In estimating the heat 

losses from this lake, wind-speed is assumed to be 1 m/sec, and -10°C is 

used as both the average air temperature and the reference snow surface 

temperature. Using an average lake temperature of 10°C, the average
2rate of evaporation from the lake surface is 0.53 kg/m -hr, and the

2resulting combined heat flux, from equation (D-28), is 740 W/m . In 

comparison, the average heat flux for thermal zone 2 between 24 July 

1973 and 14 August 1974, based on glacier calorimetry, was evaluated at 
2526 W/m (table 8). The estimate for the lake surface heat losses thus 

appears reasonable, and is probably conservative since the lake overlaid
2the area of most intense activity. Using the lake area of '-'4400 m

measured for 14 August 1974, the vapor flux from the water surface is

0.64 kg/s. The total heat loss from the lake surface over the three 
14months is then ~0.26 x 10 J. This factor was included in parenthesis 

in table 8 for the ice-covered interior and thermal zone 2.

The results of a similar analysis of estimated heat and mass losses 

from the lake surface in thermal zone 5 are presented in table D-ll. 

The average lake areas were estimated from aerial observations and from 

vertical aerial photographs obtained by the U.S. Army (6 June 1979, 9 

September 1979, and 12 February 1980) and by NPAS (18 August 1979 and 4 

September 1980). The average lake surface temperature was assumed to be 

10°C for all cases. The average air temperature was assumed to be -10°C 

for the period 1 April 1979 - 10 September 1979, and -20°C during 10 

September, 1979 - 4 September, 1980. Reference snow surface temperature 

for estimating differential radiant flux was taken to be the same as the
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Table D-ll. Estimate of heat losses from lake surface, thermal zone 5.

Mass Heat Average Mass Heat
flux flux lake loss loss

Period T ,°C T ,°C a kg/m2-hr W/m2 2area, m kg/sec i o 14.

1 Apr 1979
15 June 1979

10 -10 0.53 740 5000 0.73 0.25

15 June 1979
18 Aug 1979

10 -10 0.53 740 8600 1.25 0.36

18 Aug 1979
10 Sept 1979

10 -10 0.53 740 14100 2.06 0.21

10 Sept 1979
12 Feb 1980

10 -20 0.62 1100 11330 1.94 1.66

12 Feb 1980
4 Sept 1980

10 -20 0.62 1100 4080 0.70 0.79
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average air temperature for both cases. As before, wind velocity at the 

lake surface was conservatively estimated to 1 m/sec to obtain a minimum 

estimate.

The heat flux estimates in table D-10 are substantially higher than 

those determined as the average for all of thermal zone 5 using glacier 

calorimetry (table 8). This is reasonable because the lake usually 

occupied only a small fraction of the total area of thermal zone 5, with 

the waters residing over the zones of most intense activity. The total 

heat losses from the lake surface given in table D-ll for thermal zone 5 

are included in the parenthetical value appearing in table 8 for ice- 

covered interior and thermal zone 5.

7. Estimates of Heat Flow from Ice-free Thermal Areas

Several methods were used to obtain an estimate of heat losses in 

ice-free areas of the North Crater. These include measurement of 

temperature gradients in the soil, snowfall calorimetry, heat flux 

measurements using calorimeters, and application of glacier calorimetry 

to areas that eventually became ice-free.

Heat Loss from Hut Ridge

The section of the crater rim extending from BM1 to BM2, BM3, and 

down to the low saddle in the south rim is termed here Hut Ridge (fig. 

D-6).
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Temperature Measurements: Subsurface-temperature profiles were

first measured on Hut Ridge during July 1961 (Benson, 1963, 1968; 

Bingham, 1967). Near the Jamesway hut (fig. D-6), the gradients 

averaged about 30°C m * in the top 1.20 m. No additional measurements 

were made until February 1964 when a single profile was measured in snow 

cover and ground in the vicinity of BM2. Despite the low snow surface 

temperature (-25°C), the gradient below the ground surface was very high 

with the boiling point temperature estimated at 1.25 m. Although the 

1964 temperatures and gradient were significantly higher than the 1961 

profiles, the differences are at least partly due to a spatial 

variation. During 1961, the site of the 1964 measurements was buried by 

snow.

The establishment of the new research hut in 1964 allowed 

temperature measurements to be made with more regularity in 1965 and 

1966. These measurements, summarized by Bingham (1967), demonstrated 

increased heating along Hut Ridge. Subsurface temperatures became 

progressively higher; boiling point temperatures were encountered as 

shallow as 0.25 m by late August of 1966. Three bimetal dial 

thermometers, installed beneath the building, showed short term 

variations in temperature on the order of several degrees within periods 

of a few hours. These fluctuations were related to changes in 

barometric pressure which produced changes in the boiling point which, 

in turn, influenced the amount of vapor transport, condensation and 

associated heat flow (Bingham and Benson, 1968). These thermometers 

also confirmed a long-term progressive increase in temperature. One
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Figure D-6. Isotherms at 0.5 m depth along Hut Ridge based on temperature surveys taken in 1975
and 1976.
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thermometer registered average temperatures between 60-70°C during June 

1966 but was almost constantly ct the boiling point (86°C) by August

1966. Two other thermometers, which averaged 50°C and 60°C respectively 

in June 1966, were at 75°C and 86°C by August 1966. In August 1973, 

boiling point temperatures were measured 0.25 m below the surface of a 

distance of 4 m from the 1965 hut.

Shallow subsurface-temperature measurements were made along the 

southwest crater rim at a total of 57 locations during August 1975 and 

June 1976. Measurements were made by digging pits to depths of 0.75 to 

1.00 m and inserting calibrated dial thermometers into the exposed pit 

walls. In hotter areas the pits often contained hydrothermal alteration 

products including multi-hued clays and encrustations of sulfur ranging 

up to 5 mm in diameter. Measurements were made in 1976 utilizing a 

tapered, bottom-sealed 0.025 m diameter steel pipe which was driven into 

the ground to successive depths of 0.25, 0.50 and 1.00 m. Temperatures 

were measured at each depth by lowering a calibrated thermistor to the 

bottom of the pipe and allowing it to equilibrate with the surroundings.

Figure D-6 shows the 0.50 m isothermal contours along Hut ridge 

based on the 1975 and 1976 temperature measurements. The isotherm map 

and subsurface temperature data show an irregular pattern of heat flow 

along the ridge, highest heat flow along the crest of the ridge. This 

suggests that flow is concentrated along faults and fractures that 

perhaps developed during crater formation.

C. Benson (personal commun., 1983) also suggests that the shape of 

the ridge may be expected to have an effect on heat flow. Heat loss
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will be greatest from areas with highest curvature, just as the vapor 

pressure of a droplet increases with curvature. In this case the 

curvature is maximum at areas removed from the cooling effect of the ice 

cover. The shape and influence of the adjacent ice cover (which 

provides cold water) could channel heat to the ridge crest. Localized 

regions of higher heat flux on the crest may well be due to fracture 

zones.

Comparison of the 1975 and 1976 temperature profiles suggested that 

a decrease in temperature had occurred along portions of the rim, 

particularly at, and down-ridge from BM1. To determine whether a 

cooling trend was occurring along this section of the rim, temperatures 

at six 1976 locations were remeasured in August 1978. The results, 

shown in figure D-7, indicate little change, except at BM1. The changes 

there indicate that some decrease in heat flux may have occurred. 

However, it could be due to changes in soil conditions (such as degree 

of saturation) which would affect thermal conductivity.

Heat Flux: Following methods similar to those described in White

(1969), snowfall calorimetry was used in 1975 to measure heat flux in 

the vicinity of Point 3A shown on figure D-6. The subsurface thermal 

profile at this location was typical of the colder areas along the
2southwest rim. The measured heat flux averaged about 35 W/m .

Heat flux was measured in 1976 using a crude calorimeter fashioned 

from an insulated water cooler whose bottom was replaced with a metal 

plate. The device was packed with ice and placed upon thermal ground 

near BM2, the location with the highest subsurface temperatures measured
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along the southwest rim. Heat flux was estimated by measuring the rate 

at which ice was melted with time. The meltwater was continually bled 

from the bottom of the device and allowed to accumulate in a second 

vessel between volume measurements. Because the metal plate prevented 

vapor from escaping to the atmosphere, the measurement is considered a 

minimum. The heat flux at BM2 measured in this manner still averaged 
2about 400 W/m , an order of magnitude greater than that at point 3A.

A rough estimate of total heat flux emanating from Hut Ridge was

made using the two heat flux measurements and the measured temperature
2profiles as a guide. Assuming that roughly 2,000 m of the ridge has an

2 2 2 2 average heat flux of 400 W/m , 4,000 m has 220 W/m and 4,000 m has 40
2W/m the total heat flux for the exposed ridge crest lying between bench 

mark BMl and the low point of the southern rim is •~1.8 MW. Much of this 

heat is lost through vapor escaping into the atmosphere. To obtain 

estimates of vapor flux along the ridge, cone-shaped vapor barriers were 

placed over the ground near each of the two locations at which heat flux 

measurements were made. The bottoms of the vapor barriers were isolated 

from the atmosphere. Vapor was then allowed to condense on the bottom 

of the barriers (a visqueen sheet at location A and a copper plate at 

location BM2) with the condensate collected in vessels placed below the 

apex of the cone. The experimental set-up interferred with normal vapor 

loss and probably yielded minimum values. Vapor flux fluctuated with
2climatological conditions and averaged about 0.3 liters/m -day at site 

23A and about 4.3 liters/m -day at BM2, a difference of over an order of 

magnitude, in keeping with the measured heat flux differences between
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the two areas. The equivalent heat losses represented by the average 

evaporation (vapor flux condensing and cooling to 0°C) are~9 W/m2 and 
2

130 W/m for site 3A and BM2 respectively, about one-quarter and 

one-third of the total respective heat fluxes measured at each site.

Glacier Calorimetry

Although glacier calorimetry has the obvious drawback thut it is no

longer effective once the ice has melted, it can still provide a minimum

estimate of heat lost for the period during which an area was covered

with ice. The estimates are a minimum because the exact date an area

became ice free is usually not known. Estimates can be made for three

areas that became ice-free by July 17, 1972 (fig. D-8). The estimates

include the total amount of energy required to raise ice temperature and

completely melt the ice and snow covering each area during the specified

period (heat loss); the average rate at which heat was supplied (heat

flow); and average heat flow per-unit-area (heat flux).

West rim: The total volumetric melt over the west rim area of

0.050 x 10^ m^ that was ice-free by July 17, 1972, was photogrametri-

cally determined to be 0.42 x 10^ m^. Inspection of oblique aerial

photography indicates that most of this area was already ice free by

August 1968. Assuming (1) that most of the melting occurred in the

two-year period from August 1966 to August 1968, (2) that the average 
3

ice density was 0.6 t/m , (3) that ice flux losses were negligible, and 

(4) that the rate of accumulation was 0.75 m/yr, glacier calorimetry
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gives the following results:

Heat loss = 1.23 x 1014 J

Heat flow = 2.0 MW

Heat flux = 40 W/m2

South crater wall and rim: The total volumetric melt over this

area of 0.054 x 10^ m2 between August 1966 and July 17, 1972, was

photogrammetrically determined to be 1.91 x 10̂  m^. Assuming an average 
3

ice density of 0.7 t/m , negligible ice flux losses, and the rate of 

accumulation of 0.75 m/yr, glacier calorimetry gives the following 

results:

Heat loss = 5.96 x 10^4 J

Heat flow = 3.2 MW

Heat flux = 59 W/m2

Inspection of oblique aerial photography indicates that much of this ice 

had been melted by August 1968. Assuming that at least half the total 

1966-1972 difference was melted during August 1966 - August 1968 gives 

the following results:

Heat loss = 2.74 x 10^4 J

Heat flow = 4.3 MW

Heat flux = 81 W/m2
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East rim: The total volumetric melt over this area of

0.069 x 10^ m2 between August 1966 and July 17, 1972, was

photogrammetrically determined to be 3.02 x 10̂  m2. Using the 

assumptions as for the south crater wall and rim gives the following 

results for August 1966 - July 17, 1972:

Heat loss = 9.17 x 10 H J

Heat flow = 4.8 MW

Heat flux = 70 W/m2

Assuming one-half the melt occurred between August 1966 - August 1968 

gives,

Heat loss 

Heat flow 

Heat flux

8. Seismic Monitoring

The main thrusts of the investigations of the North Crater were the 

documentation and measurement of the increased thermal activity. 

However, other information was sought to provide insight into the 

sources and causes of the thermal activity, and to serve as a baseline 

against which future changes could be gauged. Of the several methods 

available and commonly used to help infer subsurface activity and
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structure, or to monitor and help predict future activity, passive 

seismic monitoring best integrated with the scope and timing of other 

work at the summit. Because eruptions are commonly preceded by an 

increase in seismic activity, monitoring the local seismicity during the 

stay at the summit was also important for reasons of safety.

Micro-earthquake activity was monitored during the 1975, 1976, and 

1980 field operations at the North Crater. From 12 August to 1 

September 1975, a Kinemetrics Ranger portable seismograph was installed 

and operated on the west rim of the North Crater about 200 m south of 

BM1. Set at 76Db gain, an average of 166 events/day were recorded on 

inked rotating drum charts during the period of operation. The signals 

were classified into five general categories on the basis of amplitude, 

frequency, and coda (fig. D-9). Signals classified at Type I events 

were typified by a sharp onset, generally of large amplitude with 

S-waves commonly arriving within 1-3 sec of the P-waves. Signal 

duration was usually about 10 seconds but ranged from 5-20 seconds and 

had frequencies ranging from 7-10 Hz. Type II waves were similar in 

frequency to Type I but shorter in duration and lower in amplitude. 

Onset was generally sharp. The Type II signals were characterized by 

low to medium, nearly monochromatic frequencies (2-3 Hz). Onset was 

usually at low amplitude with a weakly developed P-wave followed 204 

seconds later by a stronger S-wave. The resulting coda had a sinosoidal 

pattern with a duration of 5-10 sec. Such signals suggest that the 

seismic waves may have become attenuated, filtered, and dispersed during 

passage through pyroclastic layers (Kienle, personal commun.).
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* RECORDER SPEED* I mm/tec; SIGNAL CLIPPED AT 12 mm P to P; 
t  ONLY EVENTS WITH RELATIVE AMPLITUDE > 2 mm WERE COUNTED.

Figure D-9. Seismic events recorded at the North Crater. A Kinemetrics 
Ranger portable seismograph was installed and operated on the west 
rim from 12 August to 1 September 1975.
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Type I-III events have been commonly observed at other volcanoes 

(e.g. Minilcami, 1974) but the origin of these signals particularly on 

glacier-clad volcanoes, remains ambiguous. Studies by Weaver and Malone 

(1976) at Mount St. Helens Volcano (in Washington) indicated that much 

of the seismicity there was associated with glacier motion at or near 

the bed. Malone also reported that seismic events at Mount Baker, 

Washington, a glacier-clad volcano which in 1975 experienced an increase 

in thermal activity similar to, that observed on to Mount Wrangell (but 

smaller in scale) were primarily, if not exclusively, caused by glacier 

movement (Frank and others, 1978). In examining seismic records from 

Mount Wrangell, Malone (personal commun.) could not distinguish whether 

these signals (I-III) were glacial or volcanic in origin.

A particularly interesting wave form, distinctly different from all 

other signals, were Type IV events. Several of these characteristically 

high frequency, nearly monochromatic signals were recorded during the 

brief period of monitoring in 1975. These events usually lasted over a 

minute with the longest signal extending over six minutes. Signals 

typically began weakly and gradually grew in intensity, sometimes with a 

semi-periodic pulsing or fluctuation in signal strength, then gradually 

diminished to below threshold. The high frequency and rhythmic pulsing 

suggests a connection to fumarolic vents. Similar signals observed at 

several stations in a seismic array on Augustine Volcano were considered 

to have originated at such vents (Kienle, personal commun.).

The last category, Type V, served as a "catch-all" for all 

microseismic signals which had distinguishable amplitudes but which were
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too weakly developed to be classified. In addition to the events 

tabulated in table 5, two teleseismic events were also recorded over the 

period of observation.

Two portable Kinematrics Ranger seismographs were used in 1976. 

One station, installed on the outside crater wall below BM1, was 

operated from 6/14/76 to 6/26/76; the other was placed on the inside of 

the crater wall below BM3 (about 400 m from the first station) and was 

operated from 6/22/76 to 6/26/76. The types and frequency of events 

recorded were similar in all respects to those which had been recorded 

the previous year. One noteworthy observation was that over the four 

day overlap in operation between the two stations, the majority of 

signals recorded at the station on the outside of the crater wall tended 

to be more attenuated then those recorded inside the crater. This 

suggests that many of the signals originated in the crater (perhaps 

generated by glacier movement) and were attenuated when passing through 

the pyroclastic layers composing the crater wall. Although a signifi

cant level of seismic activity at the North Crater was recorded, the 

data are insufficient to allow determining hypocenters, focal depths, 

magnitudes and types of sources.
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APPENDIX E - ABBREVIATIONS, UNITS, CONVERSION FACTORS, SYMBOLS, AND 

COMMONLY USED SUBSCRIPTS

1. Abbreviations

BM - bench mark

DGGS - Alaska Division of Geological and Geophysical Surveys 

n.a. - not analyzed 

n.d. - not done

NASA - National Aeronautical and Space Administration 

NPAS - North Pacific Aerial Surveys, Inc.

TZ - thermal zone

USGS - U.S. Geological Survey

WE - Water equivalent

degrees Celsius 

degrees Kelvin 

millimeter 

centimeter 

meter

metric ton (1,000 kg)

kilometer

microgram

milligram

gram
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kg - kilogram

J - joule

mW - milliwatt

W - watt

kW - kilowatt

MW - megawatt

t/nf3 - metric tons (1,000 kg) per cubic meter

s - second

d - day

yr - year

m.y. - million years

°/oo - permil (parts per thousand)

ppm - parts per million

3. Conversion Factors

Multiply

cal (gram-calorie)

J (joule=W sec)

For energy units 

By 

4.187 

107

To obtain 

J (joule) 

erg (dyne cm)

Multiply
, i "I -21 cal s cm
i i - l - 21 cal s cm

1 W m-2

For energy flux 

By To obtain 
, -2

erg s cm
i "Ical s cm-52.388x10
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1 erg !

4. Symbols

*q

q

*Q

Q
h

C

T

Lf
L

K

- heat flux, energy per unit area per unit time

- mass flux, mass per unit area per unit time

- heat flow, energy per unit time

- mass flow, mass per unit time

- enthalpy, energy per unit mass

- specific heat, energy per unit mass per degree Celsius

- temperature, degrees Celsius

- latent heat of fusion, energy per unit mass

- latent heat of evaporation, energy per unit mass

- thermal conductivity, energy per unit time per unit 

distance per degree Celsius

- thermal diffusivity, area per unit time

- velocity, distance per unit time

- volume

- volumetric rate of change

- uncertainty

- density, mass per unit volume

- net radiative energy flux, energy per unit area per 

unit time

- permeability, area

- fluid viscosity, mass per unit distance per unit time

k

v
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P - hydrostatic pressure gradient, force per unit area per

unit distance 

p - porosity

S  - relative difference, parts per thousand

5. Commonly used Subscripts

i ice

is - snow

V - vapor, steam

w - water

g - ground

r - rock

s - surface

e - evaporation

m - ice-melt

c - condensate

- ice flux
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