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EREBUS

Keeper of the Southern Gateway, grim, rugged, gloomy
and grand;

Warden of these wastes uncharted, as the years sweep
on, you stand.

At your head the swinging smoke-cloud; at your feet
the grinding floes;

Racked and seared by the inner fires, gripped close by
the outer snows.

Proud, unconquered and unyielding, whilst the untold
zons passed,

Inviolate through the ages, your ramparts spurning
the blast,

Till men impelled by a strong desire, broke through
your icy bars;

Fierce was the fight to gain that height where your
stern peak dares the stars.

You called your vassals to aid you, and the leaping
blizzard rose,

Driving in furious eddies, blinding, stifling, cruel
SNOWS.

The grasp of the numbing frost clutched hard at their
hands and faces,

And the weird gloom made darker still dim seen
perilous places.

They, weary, wayworn, and sleepless, through the long
withering night,

Grimly clung to your iron sides till with laggard Dawn
came the light:

Both heart and brain upheld them, till the long-drawn
strain was o’er,

Victors then on your crown they stood and gazed at
the Western Shore;

The distant glory of that land in broad splendour lay
unrolled,

With icefield, cape, and mountain height, flame rose
in a sea of gold.

Oh! Herald of returning Suns to the waiting lands
below;

Beacon to their home-seeking feet, far across the
Southern snow.

In the Northland in the years to be, pale Winter’s first
white sign

Will turn again their thoughts to thee, and the glamour
that is thine.

NEMO.

E. H. Shackelton, reproduced from Aurora Australis, 1986 edition,
with permission from Bluntisham Books and The Paradigm Press.
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emphasize the U.S. Antarctic Research Program, it also performs a function similar to expedition
reports of many other countries with national Antarctic research programs.

The standards of scientific excellence expected for the series are maintained by the review
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FOREWORD

I had the great pleasure of taking part in the scientific
exploration of Mount Erebus during the period 1973 to
1979. Now it is my pleasure to write the foreword for
this book, which contains the results of 20 years of
study carried on at this exceptional volcano.

Mount Erebus is a unique volcano. Unique, in present
geological times at least, because nowhere in the world
is there an active volcano with phonolite magma con-
taining abundant giant anorthoclase phenocrysts. Even
in past geological times, only Mount Kenya, Mount
Kilimanjaro and a few other volcanoes have erupted this
rare variety of rock, appropriately named “kenyte”. But
Mount Kenya, where in 1948 I built an eskimo igloo on
the Equator and where I was stricken by snow blind-
ness, is unfortunately a spent volcano. Mount Erebus is
the only volcano currently erupting this exceptional
anorthoclase phonolite (kenyte) magma.

The type of eruptive activity exhibited by Mount
Erebus is also extremely rare, characterized as it is by
the presence of a permanent molten lava lake. Such lava
lakes constitute anomalous behavior in that they reflect
(semi)permanent eruptive activity. Less than a handful
of the many thousands of potentially active volcanoes
scattered around the world have developed, or are
presently developing, semipermanent eruptive activity.

The persistence of eruptive activity constitutes a sec-
ond anomaly. Over 90% of the presently active volca-
noes fall into repose immediately after releasing the gas
and lava that have accumulated during the preceding
period of repose. The remaining few percent (i.e., a
dozen or so of the permanently eruptive volcanoes) con-
tinue their eruptive activity even when the bulk of the
magma has been erupted. Why?

The answer I proposed a few decades ago postulates
that the frequency of eruptive periods depends mainly
on the local tectonic situation. By this I mean the num-
ber and width of the different fault trends which inter-
sect under the volcano. The combined width of the frac-
tures may determine the ease with which magmas can
eventually reach the surface.

Volcanoes located on a single fault are normally, as
A. Rittmann named them, monogenetic, i.e., volcanoes
that become extinct after a single eruption. I believe the

xi

reason is that the magma solidifies as a massive plug
within the conduit. Such a plug is so strong that further
eruptive energy cannot reopen this fissure which, hence-
forward, is blocked forever.

Monogenetic fissure eruptions generate flood basalts
as well as tiny cinder cones. When eruptive activity
resumes on such a fault, magma reaches the surface
either at a different spot on the same fissure or through a
new fissure, parallel to the previous one, broken open by
tectonic and magmatic stresses. This mechanism
accounts for the huge flood basalts, known from every
continent, and the basalts erupted from the oceanic rifts.

Large polygenetic volcanoes, on the other hand, are
located above intersecting fractures, a sine qua non for
renewed activity that needs feeder channels wide
enough to inhibit complete solidification during repose
periods. Permanently and semipermanently erupting
volcanoes are all polygenetic. Most seem to be located
where several fractures of various trends intersect.
Because the cooling and eventual solidification of a
magma body below the surface is controlled largely by
its thickness and depth, the wider the channel, the longer
the duration of the molten or plastic state. This allows
longer periods for the resumption of eruptive activity. A
molten or partially molten magma plug is incomparably
easier to overcome, especially when the channels are
wide enough, than a solidified and crystallized one, par-
ticularly when the conduits are narrow.

Mount Erebus poses many scientific problems. To
solve them is a scientifically exciting challenge. From
the standpoint of volcanology, many questions related to
the eruptive behavior remain. What are the physical and
chemical characteristics of its eruptive gas phase? What
are the dynamics of the convective currents observed on
the surface of the lava lake? What are the magma vol-
umes involved? What is the composition of gas within
vesicles, and what are the chemical reactions when they
escape into the air? What are the thermodynamics and
kinetics involved? What chemical equilibria exist in the
magmatic gas phase?

Using a broader definition of volcanology some other
questions should be tackled by volcanologists. What are
the local tectonics that allow the permanent eruptive
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activity? How many fault trends intersect beneath
Mount Erebus? Do all these faults result from exten-
sional pull or are other stresses involved? What is the
width of the resulting feeder pipe(s)? What are the tec-
tonic and magmatic relationships with the surrounding
volcanoes on Ross Island and the more distant ones such
as Mount Discovery and the active Mount Melbourne?
All these questions and many others were nested in
my mind during the four visits I made to the crater of
Mount Erebus. Our first goal, at the time, was only to
climb down into the Inner Crater to reach the lava lake
shores in order to make physical and mechanical mea-
“surements and to sample the volcanic gas.
Unfortunately, we failed to achieve our hopes.
Consequently, this type of investigation, among many
others, is still open to any team willing to utilize the
unique opportunities offered by the continuous volcanic
activity at Mount Erebus. It should be carried out with
the instrumentation and facilities which modern vol-
canology now has available, but which were not avail-

xii

able to me and my colleagues 15-20 years ago. The
instrumentation should be used by multidisciplinary
teams who are scientifically competent as well as men-
tally and physically prepared to carry on such a difficult,
yet stimulating, program.

One and a half centuries have elapsed since Captain
James Ross and his men gazed in wonder from the
decks of HM.S. Erebus and HM.S. Terror at the erupt-
ing volcano they named after one of their ships. Three
quarters of a century has passed since a team of hardy
explorers, belonging to Ernest Shackleton’s South Pole
expedition, made the first ascent of the volcano. Since
the early 1970s important scientific observations and
data have been collected, some of which are published
here. This volume, therefore, constitutes a basic step
leading to the understanding of the unique, fundamental
place of Mount Erebus on Earth.

Haroun Tazieff
Paris, France



PREFACE

In January 1841 Captain James Clark Ross sailed in
his two small ships Erebus and Terror into the then
unknown southern Ross Sea and discovered and named
Mount Erebus. In his journal Ross noted:

...it proved to be a mountain twelve thousand
four hundred feet of elevation above the level of
the sea, emitting flame and smoke in great profu-
sion; at first the smoke appeared like snow drift,
but as we drew nearer, its true character became
manifest.

On January 28, 1841, Ross reported:

At 4 P.M. Mount Erebus was observed to emit
smoke and flame in unusual quantities, producing a
most grand spectacle. A volume of dense smoke
was projected at each successive jet with great
force, in a vertical column, to the height of between
fifteen hundred and two thousand feet above the
mouth of the crater, when condensing first at its
upper part, it descended in mist or snow, and grad-
ually dispersed, to be succeeded by another splen-
did exhibition of the same kind in about half an
hour afterwards, although the intervals between
eruptions were by no means regular. The diameter
of the columns of smoke was between two and
three hundred feet, as near as we could measure it;
whenever the smoke cleared away, the bright red
flame that filled the mouth of the crater was clearly
perceptible; and some of the officers believed they
could see streams of lava pouring down its sides
until lost beneath the snow...

Thus began the exploration and the first observations
of the world’s southernmost active volcano. The obser-
vations of the volcanic activity of Mount Erebus made
by Ross and his officers are among the first geologic
observations ever made in Antarctica. Even today the
report is very relevant to our understanding of the erup-
tive history of Mount Erebus and should be viewed as
historically one of the significant events in Antarctic
exploration. This volume was inspired by the report of

Ross and commemorates the 150th anniversary of his
discovery.

Mount Erebus is one of the unique volcanoes in the
world. Its uniqueness is not derived from its southern
locality, but rather from the unusual volcanic activity
and lava type. The convecting lava lake of anorthoclase
phonolite magma differs from the better known and
well-studied lava lakes in Hawaii. Many of the Hawai-
ian lava lakes form when craters or vents are filled with
lava which then slowly cool. They represent ponds of
lava. In all respects the Hawaiian lava lakes are, as the
name implies, lakes of lava, magma that has been erupt-
ed. Mount Erebus on the other hand has a convecting
magma lake with magma circulating from a chamber
deep in the volcano. The Mount Erebus lava lake there-
fore gives us a window into the magma chamber and an
opportunity to study the internal plumbing of a volcano.

This volume is the first to describe various aspects of
the volcanology and environmental impact of Mount
Erebus. It presents the most recent and authoritative
accounts available. The harsh environment and short
field season limit the scope of research which is possi-
ble. Yet this collection of papers shows that high-quality
research is possible and in some cases is innovative by
world standards. The volume comprises a group of
papers which clearly illustrate the broad spectrum of
investigations made by modern researchers at active
volcanoes. The subjects covered include remote sensing,
seismology, estimates and characterization of gas and
aerosol emissions, magma crystallization and evolution,
deformation studies, and the chemical record left by the
gas emissions in the snow surrounding the volcano. As
these contributions clearly illustrate, the scope of work
at Mount Erebus has been truly multidisciplinary
involving volcanologists, glaciologists, geophysicists,
atmospheric chemists, petrologists and many others.

Mount Erebus poses many fundamental questions
which relate both to Antarctica and to volcanology in
general. In recent years it has been recognized that
Mount Erebus is an important natural source of gases
and aerosols to the Antarctic atmosphere and that these
eventually end up in the snow and ice of the Antarctic
ice sheets. As anthropogenic effects are starting to be

Xiii
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recognized in this once pristine environment, it becomes
essential to understand and evaluate the natural sources
of gases and aerosols. Considerable speculation has cir-
culated in the popular media surrounding the possibility
that Mount Erebus could be a source of chlorine that
destroys the ozone layer over Antarctica each spring.
Such speculation is not supported by current observa-
tions made at Mount Erebus, but it is important that the
scientific community not dismiss the idea out of hand
without making the appropriate scientific observations
and evaluations. On the volcanological side, Mount
Erebus has much to offer in our understanding of the
origin, evolution, behavior, eruptive activity and life of
active convecting lava (magma) lakes.

Much remains to be learned about the volcanic activi-
ty and magmatic processes at this beautiful and interest-
ing volcano. In the 25 years of modern scientific obser-
vations and investigations we have only scratched the
surface, but in doing so we have come to appreciate the
dynamic nature of Mount Erebus and its special place
among the world’s volcanoes. This volume gives the
scientific community an opportunity to learn of the

Xiv

progress a small but devoted group of scientists has
made in understanding Mount Erebus.

As editor I extend my thanks to the numerous authors
for their manuscripts and also for their patience. I thank
the reviewers for their thorough and insightful com-
ments and suggestions which helped improve the quality
of the papers. David Elliot, as series editor, has held the
whole volume together. Funding from the Office of
Polar Programs, National Science Foundation through
Grants OPP-8716319 and OPP-9118056 has helped
defray editorial expenses.

This volume is dedicated to Ray Dibble as he enters
retirement after a career of teaching in the Department
of Geology at Victoria University of Wellington. We
wish him well and are delighted to see him continue an
active role in field work and seismological observations
on Mount Erebus.

Philip R. Kyle
New Mexico Institute of Mining and Technology
Socorro
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THE VELOCITY STRUCTURE OF MOUNT EREBUS, ANTARCTICA,

AND ITS LAVA LAKE

R. R. Dibble and B. O’Brien

Victoria University of Wellington, Wellington, New Zealand

C. A. Rowe

Geophysical Institute, University of Alaska, Fairbanks, Alaska

Mount Erebus, Ross Island, contains an active phonolite lava lake in its summit crater which
erupts in a strombolian fashion occasionally each day. The velocity structure of the volcano has
been studied using three seismic refraction lines up to 1.4 km long, six large seismic shots, and the
frequent strombolian explosions recorded by video surveillance and a 10-station seismic net. The
surface permafrost layer on the summit cone has a velocity of about 3 km/s and prevents critically
refracted arrivals from subsurface layers of lower velocity. Seismic shots in unfrozen ground near
the summit show a layer below the permafrost up to 100 m thick with velocity ranging from 1 to 2
km/s. The underlying refractor has lateral velocity changes from 1.3 to 4 km/s along the line of
fumaroles from Side Crater to the somma rim. The six large seismic shots were recorded over dis-
tances of 4 to 38 km. Seismic wave arrival times limit the surface layer thickness to between 220
and 650 m and the velocities to 1.3 to 3.1 km/s. The surface layer is underlain by 5 km of massive
volcanics of a velocity of 4.3 km/s and in turn is assumed (from marine seismic surveys in
McMurdo Sound) to be underlain by 3-5 km of Cenozoic sediments with velocity of 4.1-5.5 km/s,
A low-velocity layer probably underlies the volcanics, unless the volcanic load has sufficiently
increased the seismic velocity of the sediments. The basement below the volcano has a velocity of
6.5 km/s, in agreement with seismic surveys in McMurdo Sound. Several multiplets of strombolian
explosion earthquakes with cross-correlation coefficients between waveforms exceeding 0.7, and
lag times between events which are constant within 0.03 s at each station, have been recorded. The
time and location of the explosions were simultaneously recorded by video surveillance. The
stacked seismic onsets and video explosion instants are reliable to within 0.1 s, and the earthquake
foci lie within 100 m of each other. They show that the explosions occur 0.47 + 0.1 s before the
intercept time of the seismic time/distance curve and that the apparent velocity is 4.1 £ 0.1 km/s
over the distance range 0.7 to 10 km. The refraction lines show that a seismic delay of such magni-
tude is not occurring on the flanks of the volcano. It must occur in and around the low-velocity
lava lake, magma column, and magma chamber of the volcano.

INTRODUCTION Kyle et al. [1982] reported a peak at 1.4 km/s in the his-

Mount Erebus, a phonolitic volcano 3794 m high and
1670 km? in volume, has an active lava lake in its sum-
mit crater. Study of the velocity structure of Mount
Erebus began in December 1974 from a temporary five-
station seismic network of 2-km aperture (Figure 1).

Copyright 1994 by the American Geophysical Union.

togram of apparent velocities of local earthquake waves
across the net and suggested this was the true velocity.
Dibble et al. [1984] used the same 1974 recordings to
obtain apparent velocities of 1.6 + 0.2 kmm/s between
0.25 and 1.25 km distance from the strombolian explo-
sions which were assumed to be the source of the
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Ross Island
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Fig. 1. Map of Ross Island, showing Mount Erebus and the telemetry seismic stations. BAR,
BOM, FAN, and SIS were close to the shot points for the large seismic explosions.

accompanying earthquakes. Using the 1.6-km/s velocity
in a homogeneous model gave foci at shallow depths,
clustered within 1 km of the lava lake. There were
numerous nonlocatable earthquakes outside the net.
Better data began to accumulate after 1980 when a
permanent four-station telemetry seismic network of 16-
km aperture was installed by the International Mount
Erebus Seismic Study (IMESS) project. Shibuya et al.
[1983] located 162 events recorded during the 1981-

1982 field season. They found that a homogeneous earth
model of velocity 2.1 km/s gave the smallest rms errors.
The resulting locations of earthquakes associated with
strombolian explosions in the lava lake were between
850 and 4000 m from the explosions. Shibuya et al.
[1983] and Kienle et al. [1983] proposed that the earth-
quakes were separate from the explosions in time and
place, and the earthquakes may have triggered the
explosions. However, Dibble [1985] showed that the
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durations of explosion earthquakes and infrasonic sig-
nals from the strombolian explosions were correlated.
This would not be expected if the earthquakes merely
triggered the eruptions.

Dibble et al. [1984] estimated the vertical velocity
through Mount Erebus from changes in the arrival time
of distant earthquakes versus station height (from sea
level to 3800 m). The mean of six determinations was
4.5 = 1.3 km/s, after omitting two outlier values of 1.4
and 13.4 km/s. Dibble et al. [1984] also obtained an
apparent velocity of 7.5 km/s below the basement from
a shot offset 40 km from the Erebus seismic net.
Unfortunately, the shot instant was unreliable and pre-
vented reliable interpretation of depth to the material.

Within McMurdo Sound, near the flank of Mount
Erebus, McGinnis et al. [1983] measured seismic refrac-
tion velocities of 2 to 4.7 km/s in 3-km-thick Cenozoic
sediments. The sediments were older than Mount
Erebus [Moore and Kyle, 1987] and appeared to under-
lie it. The seismic basement had velocities of 5 and 6.5
km/s.

SEISMIC REFRACTION SURVEYS
ON THE SUMMIT PLATEAU

An attempt to shoot seismic refraction lines on the
summit area was made in January 1985 (J. Kienle and
R. R. Dibble, unpublished data). Line A-A" (Figure 2)
was a 165-m spread laid out on snow west-southwest
(WSW) from a 12-channel Nimbus 1210F digital seis-
mograph operating in the Erebus lower hut. Shot points
(flagged and surveyed by V. Belgrave of the New
Zealand Department of Lands and Survey) were offset
in an anticlockwise direction around the plateau. The
spread was end shot with 1 kg of Nitromon at 1-m depth
in both directions and gave a surface layer velocity of
2400 m/s. However, the arrivals were highly attenuated
and unreadable beyond 90 m, as if a thin surface layer
was underlain by lower-velocity material which refract-
ed the ray paths downward. Shots at 2-m depth in snow
were fired at distances of 214 m and 810 m (9-kg shot)
off the WSW end of the spread. Again, the arrivals were
extremely poor but were consistent with an unreversed
velocity of 1500 to 2000 m/s with small intercept time,
suggesting an underlying lower-velocity layer. Even
when 2-m-deep shot holes were drilled close beside lava
outcrops, the holes always bottomed in fairly hard ice of
undetermined depth. The only certain result from line
A-A’ was that there was no 4-km/s refractor within
about 300 m of the surfacé.

To avoid the ice, and the difficulty of drilling in
frozen ground, a survey in November 1989 used repeat-

ed sledge hammer blows and explosions of 1.5-m
lengths of detonating cord laid on the surface. These
were stacked and recorded on a Nimbus 1210F digital
seismograph in the Erebus upper hut. Seismic line B-B”,
330 m long on the exposed scoria of the summit cone
between the upper hut and Nausea Knob (Figure 2), was
end shot for each length and direction. A velocity of
3000 + 300 m/s was found on the undisturbed volcanic
cone, and 2100 + 300 m/s was found on the slump erro-
neously known as Camp Flow on which the hut stands.
Both time-distance lines had approximately zero inter-
cept time, indicating that they were surface velocities. A
minimum of five shots of detonating cord had to be
stacked to record at 330 m distance, but although the
improvement over the 1985 records was spectacular, no
refracted arrivals were recorded.

It was clear that the surface permafrost layer on the
scoria cone had a higher velocity (3 km/s) than that ini-
tially accepted for the volcano as a whole (2.1 km/s) and
that lower-velocity layers might not be detected unless
the shots were fired in warm ground. Consequently, in
November 1990 a seismic refraction survey was made on
the summit plateau over a 1.4-km line (C-C*, Figure 2)
between shot points at the bottom of Side Crater and the
very edge of the summit plateau near CON seismic
telemetry station. Three contiguous 330-m spreads of the
Nimbus 1210F digital seismograph (kept warm with a
20-W heater and an insulated box) were laid out from the
CON end of the line and shot from each end of the line,
using shots up to 10 kg in 1-m-deep holes. The line was
close and parallel to Tower Ridge, a line of small craters
and active fumaroles which must be underlain by warm
ground. This was expected to have velocities as low as
any other part of the solid edifice. Warm ground was not
exposed at the edge of the plateau. The shots were in
very hard snow there and appeared to be just off and
level with the top of a cliff under the snow, which may
be the top of a slump scar.

The arrivals were weak but readable at nearly all the
geophones, although on some records the third half cycle
was the first visible arrival. This was recognized from the
recordings on neighboring geophones between contigu-
ous spreads (Figure 3). In all cases the times of peaks and
troughs in the waveform were read and corrected to the
time of first onset using the empirical square root rela-
tionship between period and travel time found by Ricker
[1953]. At Mount Erebus the period varied unevenly with
travel time, from 17 ms at 20-m distance to 100 ms at
1400 m, and the relationship was fitted to each homoge-
neous section of the time-period curve. The resulting
uncertainty in adopted arrival times was usually within 40
ms. The apparent velocities were more reliable.
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the record.

The time-distance graph (Figure 4b), which shows
times relative to 4 km/s, has been interpreted by obtain-
ing a preliminary model of refractor depth and lateral
velocity variation by Hagedoorn’s [1959] plus-minus
method, and adjusting it by ray tracing using
RAYAMP-PC, 2.3 [Crossley, 1989] as shown in Figure
4a. A subpermafrost near-surface layer up to 90 m thick
with lateral velocity variations of 1.0 to 1.9 km/s over-
lies a refractor with lateral velocity variations between
1.3 and 4.0 km/s. The lowest velocities were found
below the active fumaroles of Tower Ridge, immediate-
ly downhill from Western Crater. Most of the ice towers
are underlain by caves [Giggenbach, 1976], which may
contribute to the low apparent velocities. A second
arrival of high apparent velocity recorded in the middle
of the line from shots in Side Crater may be a reflection
from a surface about 1 km deep, dipping steeply out-
ward from Main Crater. If so, the rays leave the shot
point at angles exceeding 90° (i.e., backward) and can-
not be traced using RAYAMP.

LARGE-SCALE SEISMIC EXPERIMENT

In the 1984/1985 austral summer, IMESS [Kienle et
al., 1985] fired nine shots of 5 to 300 kg of Nitromon in
crevasses and the sea at four sites greater than 4 km
from the summit. They were recorded cn an eight-
station seismic net to determine the velocity structure.
Each shot site was close to a seismic telemetry station so
that the shot instant could be transmitted to the recorder
as a pulse on the geophone signal. Unfortunately, the
pulse obscured the arrival at that geophone, so that the
closest station which recorded the first arrival was at
least 4 km from each shot point, precluding determina-
tion of shallow structure. The shot parameters are given
in Table 1, and the locations of the seismic telemetry
stations are given in Table 2. Both the shot points and
the seismic stations are shown in Figure 1.

Kaminuma et al. [1987] published without substantia-
tion a tentative P velocity structure of 2.9 km/s in the
top 0.5 km, 4.7 km/s in the next 1.5 km, 6.2 km/s below
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2 km, and 7.0 km/s below 4.5-km depth. Rowe [1988]
interpreted the time-distance graph shown in Figure 5
(in which slant distances are used) as three conical lay-
ers parallel to the mountain slope. Regretably, a 272-m
survey error in the position of CON station discovered
in 1990 necessitates a recalculation. The least squares
fitted time-distance lines for Figure 5 (excluding points
with residuals of more than twice the standard deviation
of £) are as follows:

1, = (0.32 + x/4340) £ 0.12 s

where x is 3.95- to 13.54-km distance and
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t,=(2.14 + x/6170) £ 0.08 s

where x is 17.45- to 29.95-km distance. The homoge-
neous plane layer interpretation using 2.8 km/s as the
surface layer velocity is as follows: below ground sur-
face, 2.8 km/s; below 0.58-km depth, 4.3 km/s; and
below 6.1-km depth, 6.2 km/s.

Rowe [1988] found that the shot positions were more
accurately relocated by HYPOELLIPSE [Lahr, 1982], if
the top two layers were replaced by a single layer with a
velocity gradient from 3.6 km/s at the summit to 4.6
km/s at 7-km depth. This was underlain by a 6.1-km/s
half-space. The relocation errors averaged 0.8 + 1.1 s in
origin time, 1.3 + 1.6 km in position, and 1.5 + 0.6 km
in depth. The reliability of this result suffers from the
limitations that (1) HYPOELLIPSE cannot accurately
incorporate the large range in the seismograph station
elevations, (2) recordings at short distances are lacking,
and (3) the survey location of CON station was 272 m in
error.

The least reliable parameter in a layered model is the
mean near-surface velocity. The only certain result from
the large seismic experiment is that it does not exceed
3.1 km/s. Line C-C” showed a complex structure with
near-surface velocities as low as 1 km/s. The mean near-
surface velocity is unknown, but adopting 2.0 km/s for
Rowe’s calculation, the depths to 4.3- and 6.2-km/s
material would be 0.36 km and 5.9 km, respectively.
Tentatively, the surface layer is uncompacted volcanics,
and the deepest is igneous basement.

Next we examine the assumption of the single 4.3-
km/s layer between the surface layer and the basement
by incorporating marine seismic studies around Ross
Island. Northey et al. [1975] found by reflection profil-
ing that the upper 150 m of the sediments under
McMurdo Sound appeared to abut against volcanic
material in the 900-m-deep moat along the west coast of
Ross Island, and that the deeper strata appeared to
extend beneath the volcanics off Cape Barne at the same
dip as the seafloor (1.35°). A refraction survey from the
sea ice across McMurdo Sound by McGinnis et al.
[1983] found layers nearly parallel to the seafloor which
averaged 2.5 km/s below the seafloor, 3.3 km/s below
0.35 km under the seafloor, 4.1 km/s below 1.70 km
under the seafloor, 5.0 km/s below 3.05 km under the
seafloor (basement?), and 6.5 km/s below 5.25 km
under the seafloor (subbasement?). As all but the 2.5-
km/s layer are interpreted by Wong and Christoffel
[1981] and McGinnis et al. [1983] as older than Erebus,
it is probable that the 3.3-, 4.1-, 5.0-, and 6.5-km/s lay-
ers extend right under Erebus (but not necessarily with
these velocities) and that the top two form a low-veloci-
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TABLE 1. 1984 Shot Locations, Times, and Sizes

Name Latitude Longitude Height, m Date Time, MST  Size, kg
Fang 77.48748°S 167.14126°E 2578 Dec.4 0121 45
77.48748°S 167.14126°E 2578 Dec.4 0211 45
77.48748°S 167.14126°E 2578 Dec.4 0308 36.3
77.48671°S 167.13954°E 2552 Dec.4 0414 454
Barnes 77.57134°S 166.23138°E 0 Dec. 10 0955 72.6
Sisters  77.56483°S 166.98621°E 1733 Dec.7 0206 227
77.56483°S 166.98621°E 1733 Dec. 19 0139 226.8
Bomb  77.51111°S 167.40956°E 2040 Dec. 20 0308 294.8
Lake*  77.52700°S 167.16450°E 3570

*No date, time, or size is given because Lake shots occurred on many occasions.

ty layer beneath the 4.3-km/s material of the volcano.

Using gravity, radio echo sounding, and seismic
reflection surveys southeast of Ross Island, Stern et al.
[1991] consider that the island had subsided a maximum
of 1.8 km because of isostasy. Marine reflection lines on
three sides of Ross Island show that the basement dips
toward Erebus at about 1°, but this can be partly
explained by the north-northwest (NNW) trending
Terror Rift which underlies Ross Island [Cooper et al.,
1991]. This rift, which has not yet been adequately mod-
eled, may date from the late Mesozoic [Rowe and
Kienle, 1986].

To see if the Erebus seismic experiment can put limits
on the isostatic subsidence and the rift, ray-tracing mod-
els with and without isostatic subsidence were com-
pared. Figure 6 is a ray-tracing model without subsi-
dence, in which Erebus is assumed to rest at sea level on

the velocity structure of McMurdo Sound as determined
by McGinnis et al. [1983], but reduced in depth by the
water depth. In this model the observed times from the
Cape Barne shot (at sea level) were corrected to a re-
cording plane at elevation 2 km and plotted at map dis-
tances (and now lie on a 6.4-km/s line with a late arrival
at CRA Station). The times from the Bomb/Fang/Sisters
shots were plotted without altitude correction at slant
recording distances from a notional source position 15
km from Cape Barne. The calculated times of basement
refractions from Cape Barne are 0.1-0.2 s later than the
observed times. Isostatic subsidence would add volcanic
rock below sea level and depress the sediments, making
the calculated times later still. This indicates either that
the depth to basement taken from McGinnis et al.
[1983] is too great or more probably that the velocity in
the underlying sediments is higher than McGinnis et al.

TABLE 2. Locations of Seismic Telemetry Stations on Erebus and Slant Distances

to the Erebus Lava Lake
Name Latitude Longitude Height, m Slant Distance, m Depth, m
Lake 77.52700°S 167.16450°E 3,570 0 128
El 77.53058°S  167.14047°E 3,708 723 0
CON  77.53464°S 167.08514°E 3,476 2,092 237
FAN  77.49225°S 167.12564°E 2,687 4,099 1,026
HOO 77.53158°S  166.93236°E 2,121 5,824 1,592
SIS 77.56531°S  166.98219°E 1,721 6,420 1,992
BOM 77.50894°S  167.44017°E 2,012 7,136 1,701
ABB  77.45700°S  166.90908°E 1,789 10,120 1,924
CRA  77.4445°S 167.55917°E 830 13,545 2,878
BAR  77.57300°S 166.25478°E 46 22,771 3,667
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1988].

[1983] estimated, because of the load pressure of the
volcano. It seems that the structure below Erebus cannot
be determined uniquely from the available Erebus data.

The velocity structure and bathymetry found in
McMurdo Sound [Northey et al., 1975; Wong and
Christoffel, 1981; McGinnis et al., 1983] and under the
Ross Ice Shelf [Stern et al., 1991; Beaudoin et al., 1992]
have been extrapolated under the volcano. Figure 7 is a
structural cross section from New Harbour through
Erebus and Windless Bight to the Ross Ice Shelf. Simple
curved surfaces can join up the velocity boundaries in the
sediments on each side of Erebus with no marked discon-
formities in thickness or velocity and can incorporate iso-
static subsidence.

Figure 8 shows a ray-tracing model based on Figure 7,
in which the volcano replaces the top 150 m of sediments
in McMurdo Sound, and has depressed the lithosphere by
1.8 km so that the base of the volcano is 1.5 km below
sea level at the center. This deflection was calculated by
T. Stern (personal communication, 1991) for a 10-km-
thick lithosphere of flexural rigidity 10> N m and was
chosen by us because the maximum dip of the lithosphere
(1.35°) agreed with the dip of the McMurdo Sound
seafloor. To obtain agreement between calculated and
observed times, the added load pressure of about 72 MPa
from the volcano must be invoked to raise the sedimenta-
ry velocities by about 20% of their difference from the
subbasement velocity, taken as 6.5 km/s. This is clearly

possible according to Faust [1951], who showed that sed-
imentary velocity increased as the one-sixth power of
depth, other parameters being constant. The load from
Erebus is equivalent to a 2.9-km depth of sediments, but
the velocity increases required to fit calculated to mea-
sured times from the IMESS shots correspond to only 1
km according to Faust’s formula. The discrepancy may
be due to the relatively recent application of the load.
Gardner et al. [1974] show that density and therefore
layer thickness should also change proportional to the
one-fourth power of the velocity, but the change is only
2% and can be neglected in the model. To avoid a mis-
leading appearance of reliability, the layered sedimentary
structure has been replaced by a single unit with a linear
velocity gradient of 0.28, giving the model in Table 3.

The base of the volcano can be set deeper below sea
level without disturbing the fit, by assuming that it
replaces more of the top of the sedimentary velocity gradi-
ent, and the thickness of underlying sediment in the model
can be increased by raising the sediment velocity nearer to
the maximum possible due to load. With these assump-
tions the maximum depth to basement is about 8 km.

VOLCANIC EXPLOSIONS TIMED
BY TV SURVEILLANCE

In November 1986 a video surveillance camera
(Philips LDH 0600, B&W PAL) and TV transmitter
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(NZ BCTTX, Channel 9) operating from a solar cell/bat-
tery supply were permanently installed on the Main
Crater rim to monitor the activity in the lava lake. The
picture was displayed and videotaped at Scott Base and
showed real time in hours, minutes, and seconds from a
code generator synchronized hourly with the seismic
telemetry clock. Frame by frame playback between the
changes in the seconds display enabled sudden events to
be timed to 0.04 s because the PAL system runs at 25
frames per second. S. 1. D. Barrett (Seismic and video
telemetry studies of Mount Erebus, Antarctica, unpub-
lished project for B.Sc. Honours, Victoria University,
Wellington, New Zealand, 1987) found that the strombo-
lian explosions preceded the calculated origin times of
the accompanying earthquakes, and Dibble et al. [1988]
realized that similar explosions produced a multiplet of
similar earthquake waveforms (Figure 9), which could
be correlated to improve the reliability of the seismic
onset times. For nine strong explosion earthquakes
between December 16, 1986, and January 9, 1987, they
obtained an apparent velocity of 4.06 + 0.09 km/s, with
an intercept time of 1.43 + 0.06 s after the TV origin
time. However, the intercept time contained a 1-s error,
caused by the IRIG time code [Inter-Range
Instrumentation Group, 1964], and was in fact 0.43 s. An
independent “phase-matched” time-distance graph by
Rowe [1988] showed a slope of 3.64 km/s for the same
explosions, indicating that the real errors in visual corre-
lations are of the order of 400 m/s in this case.

Subsequently, these analog tape records were digi-
tized and stacked with weighting required to normalize
the ambient noise levels immediately prior to the explo-
sions, so as to obtain the time-distance diagram in
Figure 10. The stacked waveforms are shown superim-
posed. The least squares line has a velocity of 4.07 + 0.1
km/s, an intercept time of 0.47 + 0.1 s, and a correlation
coefficient of 0.99 when all six stations within 10.1 km
of the source are included. The velocity is consistent
with that from the large seismic experiment within the
margins of error, even though it is determined over
shorter distances. No consistent slower or faster arrivals
are evident, but some explosions were preceded by
weak lower-frequency vibrations similar to those report-
ed by Dibble et al. [1984] which were reduced in the
stack. They were either separate preliminary events, as
interpreted by Kaminuma et al. [1988] or accompanied
the observed bulging of the lava lake surface leading up
to an explosion. The stacked result of the inconsistent
earlier events in Figure 10 is evident only at E1, the
closest station.

Real time digital recordings of the Erebus seismic
telemetry net began in November 1988, using a personal
computer based system, but the size and frequency of
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Fig. 6. (a) Ray-tracing model of Erebus assumed to be sitting
without subsidence on top of the velocity structure of
McMurdo Sound sediments determined by McGinnis et al.
[1983]. Velocities are in kilometers per second. (b) Calculated
and observed travel times (solid symbols for Bamnes shot) are
reduced by 6 km/s. The Barnes data are corrected for a shot at
sea level, and geophones at 2000-m elevation. For other shots,
uncorrected times are plotted at slant distances along the
datum line from a notional position 15 km from the Barnes
shot.

explosion earthquakes had decreased considerably by
then, and only two more explosion earthquake multi-
plets have been found to confirm Figure 10. The best of
these is shown in Figure 11.

El at a slant distance 723 m from the lava lake has
arrival times of 0.69 s. If this is the direct ray, the mean
velocity to E1 would be 1050 m/s. The lowest measured
velocity on Erebus is 1 km/s (line C-C*), but most are
higher than this. The large seismic shots have shown
that only 0.16 s of the 0.47-s intercept time is due to the
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Fig. 8. (a) Ray-tracing model of Erebus with base 1500 m
below sea level due to isostatic subsidence and underlain by
sediments as determined by McGinnis et al. [1983] in
McMurdo Sound, minus the top 150 m. The isostatic subsi-
dence model is by T. A. Stern (personal communication,1991).
The increased sediment velocity due to loading was chosen to
fit the times from the Cape Barne shot. Velocities are in Kilo-
meters per second. (b) Calculated and observed travel times
from Cape Barne, corrected for shot at sea level and geophones
at 2000 m elevation, are reduced by 6 km/s.

surface layer at the recording stations. If the magma col-
umn was surrounded by 0.7-km radial thickness of sco-
ria, say, its velocity would have to be 1500 m/s to
explain the extra 0.31-s delay. Figure 12 is a model
incorporating both these possibilities. However, it
ignores the fact that the explosions occur in a vesicular
lava lake, which Aki et al. [1978] noted could have a
much lower velocity. Dibble [this volume] has interpret-
ed the 0.47-s intercept time in terms of velocities rang-
ing from 23 m/s in surface magma with 75% vesicles,

Channel No.= 5  Event = No. |

Stacked waveform
RS : 293

Original waveform FAN CHS _ Event = No. 2 (63510421) RIS : 151

No, 3 (§35|1420) RS ;245

Original wuaveform FAN CH 5 Event = H

Original waveform FAN _CH S5 __ Event = No. 4 (63512034) RIS : 183

Oriqunal wavefora FAN _CHS  Event = No. S 63512328) RIMS : 23§

Fig. 9. Aligned waveforms of five of the family of nine similar
explosion earthquakes as recorded at FAN telemetry station,
compared with the stacked waveform at the top. The TV explo-
sion times marked on each record are seen to be aligned within
the accuracy of measurement. The scale is 2 s per division.

increasing with depth in the rising convection limb at up
to 100 m s™! m™!, to 2300 m/s below the depth of nucle-
ation at about 60 m.
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TABLE 3. Velocity Structure in the Solid Material of Erebus
Volcano, the Underlying Sediments, and Basement

Depth, km
Below Below
Summit Sea Level Velocity, km/s Remarks
0 -3.8 2 adopted mean
035 -345 4.3 +0.1z compact volcanics
53 1.5 4.1 +0.28z tertiary sediments
10.3 6.5 6.5 basic igneous basement
16.2 12 7.5 unreversed, minimum
depth
DISCUSSION

The principal difficulties in determining the velocity
structure of Mount Erebus have been the poor quality of
many .of the seismic onsets, the small number of seismic
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stations, the permafrost, and the novel features of the
structure. The poor onset quality of volcanic explosion
earthquakes, which is partly due to their low earthquake
magnitudes and wave frequencies, resulted in the onset
times being read progressively later at increasing dis-
tances and for decreasing magnitudes. Apparent veloci-
ties were then erroneously low, leading to low velocities
in the model. Consequently, the larger better recorded
explosion earthquakes showing high apparent velocities
have been interpreted as being several kilometers deep
in the past. Ishihara [1985], who observed that explo-
sions of Sakurajima Volcano were triggered by slightly
earlier earthquakes a few kilometers below the explo-
sion site, seems to support this. With sufficient seismic
stations the shape of the seismic time-distance curve
would have revealed the error, but underinstrumentation
is endemic to the youthful science of geophysical vol-
canology.

The velocity structure revealed in this paper is built
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Fig. 10. Time-distance diagram showing digitally stacked seismograms of the explosion earth-
quake family of December 1986 to January 1987 positioned at slant distances from the explosion
point. The time zero is set at the TV explosion time, which was consistent within 0.1 s for all nine

explosions in the family.
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Fig. 11. Time-distance diagram showing stacked seismograms of the explosion earthquake family
of December 1989. All but three of these explosions were obscured by cloud on the TV, but their
infrasonic records showed they were explosions. Individual explosion instants are marked as short

lines near the adopted zero of the time scale.

up from several lines of evidence. Working downward
from the outer surface, short-range recordings of crater
activity and refraction lines have shown velocities of
about 3 km/s in the surface permafrost, sometimes
underlain by low velocities of 1.0 to 2.4 km/s to average
depths of about 360 m, but with wide variability. The
maximum delay time along line C-C” relative to a
homogeneous 4-km/s model is only 0.21 s (compare the
0.32-s intercept for the 4.3-km/s arrival in Rowe’s
[1988] model) and shows that only a third of the 0.47-s
intercept time for explosions in the lava lake originates
under the summit plateau. The C-C” refraction line tra-
versed the widest and most thermally active part of the
summit plateau, which might be expected to delay the
seismic arrivals to CON more than at other stations.
Below this, both the large-range seismic experiment
and the seismic study of volcanic explosions timed and
located by TV surveillance show velocities of 4.1-4.3
km/s. This velocity is observed between 1 and at least

14-km distance from seismic explosions and appears to
increase with distance and therefore with depth (repre-
sented by velocity gradient 0.05 s™! in the adopted
model). It belongs to a layer up to 5.5 km thick, which
represents massive phonolitic lava flows forming the
bulk of the volcano. The 3—4 km of Cenozoic sediments
of velocity 2.5-5.5 km/s previously determined in
McMurdo Sound almost certainly underlie Mount
Erebus as low-velocity and hidden layers, and so cannot
be measured by the seismic network. The velocity in
these sediments must be adjusted upward for the effect
of the load of the volcano in order to fit the seismic data.
There should be radial variations of velocity in these
sediments under the flank of Erebus. The sediments are
underlain by a basement of a velocity of 6.5 km/s which
is probably basaltic, because granitic xenoliths have not
been found in the volcanic rocks on Ross Island (J. A.
Gamble, personal communication, 1991).

The consistent TV evidence that explosions slightly
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Fig. 12. (a) Simplistic ray-tracing model for explosion earthquakes, ignoring the magma but using a
700-m radius column of scoria with velocity 1500 m/s and a direct ray path of 1050 m/s as alterna-
tives to explain the intercept time. Velocities are in kilometers per second, and the scale is expand-
ed. (b) The same model is shown as in Figure 12a but with a distance scale as in the time-distance
plot below. (c) Calculated and observed travel times (reduced by 4 km/s) are plotted at their slant
distances from the explosion site. (d) Relative amplitude (log scale) versus distance is also shown.

preceded the earthquakes, even prior to the improve-
ment of the seismic onsets by stacking, was crucial to
accepting the normally shallow origin and common
source of the explosion and earthquake. The 0.47-s

intercept time can be explained by lower than normal
velocities in or around the magma column. Although
some of the explosion earthquakes have forerunning
vibrations [Dibble et al., 1984] and the lava lake often
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begins to bulge and cause an infrasonic signal prior to
the explosion, these phenomena are not consistent. They
appear to accompany the accelerating failure of the lid
on the overpressurized volume, rather than to cause or
trigger it, and are practically always weaker and less
reliably located than the stacked earthquake families
originating close to the lava lake.
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VELOCITY MODELING IN THE ERUPTING MAGMA COLUMN
OF MOUNT EREBUS, ANTARCTICA

R. R. Dibble

Victoria University of Wellington, Wellington, New Zealand

Television surveillance of explosions in the Mount Erebus lava lake has shown that explosions
originate 0.5 s earlier than expected from the time-distance diagram of the accompanying earth-
quakes, assuming that (1) the sources were at the explosion sites, (2) the volcano was homoge-
neous, and (3) the stacked seismograms of families of similar explosion earthquakes accurately
define the seismic arrivals. Lava bombs show that the lava lake is vesicular, which markedly
reduces the seismic velocity, and can cause the delay. The velocity structure in the vesicular lava
column has been calculated using models of bubble growth in rising basaltic magmas with 0.5%,
0.75%, and 1% water and the theoretical acoustic velocity in bubbly liquids. The calculated veloci-
ties range from 20 m/s in surface magma with 50% vesicles, increasing with depth at up to 100 m
s~! m™! to 2.3 km/s below the depth of nucleation. Ray path modeling shows that seismic rays orig-
inating in such media are curved strongly upward and have difficulty escaping into surrounding
solid lava walls. At Mount Erebus, the best fitting model has 0.5% water, 75% surface porosity,
and 10 m explosion depth. The rays recorded on the seismic net originate steeply downward and

escape below 50 m depth.

INTRODUCTION

The seismic and eruptive activity of Mount Erebus,
Ross Island, Antarctica, has been studied by cooperating
scientists from the United States, Japan, and New Zea-
land, since 1980, using a network (Figure 1) of perma-
nently installed radiotelemetry geophones and infrasonic
microphones, and from 1986 to 1990, using television
surveillance of the strombolian eruptions from the lava
lake in the active crater. The results have been described
by Kyle et al. [1982], Dibble et al. [1984, 1988], Dibble
[1985], Kaminuma et al. [1985], Kaminuma [1987],
Kaminuma and Dibble [1988], and Kienle et al. [1985]
and in annual reports in the Antarctic Journal of the
United States from 1981 through 1985, such as Kienle et
al. [1985] above. The explosion earthquakes accompany-
ing the strombolian eruptions (Figure 2) first appeared to
be distributed in a column extending to about 4 km
below the crater. This was interpreted as showing that
the earthquakes triggered the eruptions from a distance.

However, the TV surveillance, using the same clock
as the seismic recordings, showed Dibble et al. [1988]
that the explosions began about a second earlier than the
earthquakes. Stacked seismograms of a family of similar

Copyright 1994 by the American Geophysical Union.

explosion earthquakes showed that the seismic velocity
in the volcano was higher than that used to locate the
earthquakes. Either the explosions were the source of
the earthquakes or the explosions triggered the earth-
quakes at a distance, rather than the reverse assumption.

TIME-DISTANCE FUNCTION FOR EXPLOSION
EARTHQUAKES

The seismic recordings of the explosion earthquakes at
Mount Erebus (Figure 3a) usually had emergent onsets
and were without clear S wave arrivals. A few of them
were preceded by precursory tremor or earthquakes by
up to 45 s, similar to those reported by Peterschmitt and
Tazieff [1962] and Kasahara et al. [1975], and these
have been interpreted by Dibble et al. [1984] as prepara-
tion for eruption, separate from the explosion itself.
Little consistency was obvious in the initial time-dis-
tance diagrams for apparently similar explosions in the
lava lake, but for nine similar explosions in the period
November 20, 1986, to January 10, 1987, the waveforms
digitized from the FM tape records had cross-correlation
coefficients of between 0.7 and 0.9 for each and every
pair of events at any one station (Figure 3a). The coeffi-
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Fig. 1. Ross Island, near the west coast of the Ross Sea, Antarctica, showing the telemetry stations
recorded at Scott Base (SBA). The position of the Erebus lava lake is marked with a star, near E1.

Station TER is on the inactive volcano Terror.

cients remained high, and the time offsets for best cross
correlation remained the same to 20 ms over the entire
duration of the events (Figure 3b). Furthermore, this time
offset was the same within 30 ms at all seven seismo-
graph sites (Table 1), showing that the time-distance

graphs and therefore the source positions were the same
within 120 m. It follows that the nine recordings could
be stacked to obtain a threefold improvement in signal to
noise ratio (Figure 4). Thus the onsets became clear out
to 10-km distance, and a reliable apparent velocity of
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Fig. 2. An eruption from the lava lake of Erebus volcano in 1984. A large bubble is bursting.
Glowing cracks can be seen in the degassed crust on the 50-m-diameter lake. The view is steeply
downward from the north rim of the crater. The photograph is by J. R. Keys.

4070 %= 100 m/s was obtained for the P arrival. The pre-
cursory tremors, on the other hand, were neither well
correlated nor consistent and were reduced along with
the noise by the stacking process.

The explosion instants from the TV videotapes,
defined as the time of the frame which first showed out-
burst from the updoming lava surface, could also be
stacked within the accuracy of their determination (40
ms). That is, the time differences between TV explosion
instants were about the same as the offset times for best
cross correlation between seismic waveforms. This sup-
ported the assumption that the TV explosion instant
could be adopted as the explosion earthquake origin
time, enabling a travel time versus distance function
(Figure 5) to be defined for the stack of the nine best
recorded explosions.

Except for the small low-frequency precursory tremor
on the stacked waveform at the closest station, E1, all
the first arrival times versus slant distance from the
explosion point lie on a straight line of inverse slope
4.07 £ 0.10 km/s with intercept time 0.47 + 0.1 s.

INTERPRETATION

At first, no difficulty was anticipated in interpreting
the data as a surface source on a low-velocity surface
layer of constant thickness, underlain by a homogeneous
half space of velocity 4 km/s. Data from Dibble et al.
[1984] suggested that surface velocities were in the
range 0.9-1.6 km/s, and a 217- to 409-m-thick layer
would explain the 0.47-s time intercept. However, the
seismic refraction experiments [Dibble et al., this vol-
ume] carried out in 1984 and 1990 showed that the time
terms at the geophone sites were only of order
0.10-0.16 s, leaving at least 0.31 s at the source.
Furthermore, the source explosion was in a vesicular
liquid lava lake, which needed to be modeled seismical-
ly.

Many observations have been made of the dramatic
reduction of acoustic velocity caused by gas bubbles in
water and other liquids. At large ratios of gas to liquid
volumes as in foams, the mixture behaves as a heavy
gas, and the velocity falls well below that in either of
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Fig. 3a. Aligned waveforms and cross-correlation function between the onsets of two of the
1986-1987 family of explosion earthquakes, as recorded at CON station.

the separate phases. Wood [1946] wrote the first correct
equation for this effect, and Dibble [1972] used it to
suggest that vesiculation of the Mauna Ulu lava lake in
Hawaii lowered the seismic velocity to a few tens of
meters per second. He was uncertain of this because vis-
cosity was ignored, and the gas fraction versus depth in
the lava was unknown. As described below, Sparks
[1978] has since calculatéd the latter, and Miksis and
Ting [1987] have considered the effect of viscosity on
the acoustic velocity in bubbly fluids. Aki et al. [1978]
also used the equation of Wood [1946] to calculate a P

velocity of 300 m/s in melt with 5% vesicles during
their seismic experiments on the solidified crust of the
Kilauea Iki lava lake.

THE BUBBLE FRACTION VERSUS
DEPTH FUNCTION

The nucleation of bubbles in magma is promoted by
supersaturation of dissolved gases such as water and
carbon dioxide and by sites of easy nucleation such as
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Fig. 3b. The similarity of waveform continues throughout the coda, and the lag giving maximum
correllation coefficient stays the same within 20 ms. All the family members exhibit these similari-
ties, which are consistent with their sharing a similar focal position.
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TABLE 1. Lag Times of Best Cross Correlation Between Each Family Member and the Reference Event at Day 350,
1986, 1955 UT, for Each Geophone Site

Event Geophone Site
Year Day Time, UT ElH CON CRA FAN BOM HOO ABB ElZ Range dt
1986 351 0421 NR 479 482 480 481 480 481 480 3
1986 351 1420 NR 390 393 390 391 392 392 391 3
1986 351 2034 NR 573 576 574 574 574 575 576 3
1986 351 2328 NR 248 249 248 248 249 249 248 1
1986 355 0646 319 318 319 319 319 318 320 319 2
1986 355 2320 275 275 276 276 276 275 276 274 2
1986 356 1042 NR 463 461 462 464 463 462 462 3
1987 007 0056 NR 451 NR NR 451 452 451 453 2

Units are in 0.01 s. NR means no record.

reentrants on phenocrysts. The degree of saturation
increases with the weight fraction of dissolved gas and
with reduction of pressure. Within a bubble, pressure is
increased above the static head by surface tension, and
for bubbles below a critical size the increase is enough
to make the bubble dissolve again. If water was the only
volatile, magma would be free of bubbles below a pres-
sure depth proportional to the square of the water con-
tent and would contain millions of bubbles per cubic
meter above that depth. However, carbon dioxide is
much less soluble than water and begins to exsolve in
small quantities at depths of tens of kilometers. This
complication is ignored here.

Above the depth of nucleation, bubbles grow by dif-
fusion of volatiles through the shell of depletion around
each bubble, so as to equate the vapor pressure of dis-
solved gas at the bubble wall with the gas pressure. The
expansion is resisted by the viscosity of the liquid, and
by its yield strength if it behaves like a Bingham body.
Shaw et al. [1968] showed that liquid basalt in the
Makaopuhi lava lake in Hawaii was a Bingham body
with a yield strength of 700-1400 dyn/cm?. At the stage
when the depletion shells of neighboring bubbles come
in contact with each other, growth almost stops, except
by coalescence or by reduction of pressure due to out-
flow of magma in eruptions, because the rate of rise of
small bubbles through viscous magma is very slow.

Sparks [1978] took these factors into account in cal-
culating the growth of single isolated bubbles in various
magmas which were ascending toward a free surface at
various constant rates. Of the models he considered, that
of basaltic magma of viscosity 1000 P, temperature
1373 K, ascent velocity 5 cm/s, initial water contents
0.25, 0.5, 0.75 and 1 wt %, solubility constant 0.13, dif-
fusion coefficient 1.5 x 1079 cm?s, and 200 kPa excess
bubble pressure (relative to hydrostatic pressure) is clos-
est to the conditions at Mount Erebus. The initial water

content of the Erebus phonolite magma is unknown, but
Dunbar [1991] measured 0.16% in degassed matrix
glass and 0.2% in melt inclusions within anorthoclase
crystals erupted in lava bombs. She suggests that the
volatile contents of matrix and crystals are similar
because the cystals may have grown under near-surface
conditions. Thus the initial water content is probably
between 0.25 and 1%. Sparks [1978] assumed that the
ascending magma was erupted from the conduit, but it
could also be the ascending limb of a convection sys-
tem. Magma can often be seen to be convecting in the
Erebus lava lake. Figure 6 shows Sparks’ [1978] graph
of bubble radius versus pressure depth. With 0.5%
water, nucleation begins at 1.4-MPa pressure depth
(above atmospheric pressure), and bubbles grow to a
maximum radius of 7 mm at zero pressure depth.

To obtain the number of bubbles per cubic meter of
initial liquid, a porosity range of 50 to 75% at zero
depth has been adopted on the basis of bombs collected
at Erebus. The bombs vary from spheroidal foams with
vesicles intact to stringy hollow masses with all the
macrovesicles coalesced. The very large bombs erupted
in 1984 [Kyle, 1986] had a large hole in the center, sur-
rounded by stringy coalesced foam. The porosity range
and the theoretical 7-mm-radius bubbles at zero depth
require between 700,000 and 2,000,000 bubble nucleii
per cubic meter of initial liquid with 0.5% water. This
will expand to between 2 and 4 m? of vesicular magma
of average density 650 to 1300 kg/m> when the bubbles
have expanded to 7 mm. The parameters for water con-
tents of 1, 0.75, and 0.5% are given in Tables 2, 3, 4,
and 5. The pressure depths used by Sparks for isolated
bubbles were converted into true depth below free sur-
face, using the computed average density of vesicular
magma at each pressure depth, to obtain porosity ver-
sus true depth for each water content and bubble
number.
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Fig. 4. The stacked waveform (at BOM) of all the members of the family of similar earthquakes is
shown at the top. Some of the individual members are shown aligned below. Note the improved
signal to noise ratio and clearer onset (arrow).
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Fig. 5. The stacked waveforms at each station, arranged as a time-distance graph. The origin time
is the average explosion outburst time on television which also stacked with good precision. The
intercept time is 0.47 % 0.10 s relative to this. The weak earlier arrivals at E1 did not stack well and
accompanied bulging of the lake before the outburst.

ACOUSTIC VELOCITY IN VESICULAR MAGMA

Wood [1946] calculated the velocity of sound in bub-
bly liquids by assuming it is the same as in a homoge-
neous fluid of the same mean density and mean elastici-
ty as the mixture. Then

2 KfKg

¢ “|BKf +(1- B)Kg){BDg +(1- B)Df W

where

¢ acoustic velocity, m/s;

Kf incompressibility of fluid, 1.4 x 10' Pa for
basalt;

incompressibility of gas, Pa;

Df density of the fluid, 2600 kg/m? for basalt;
Dg density of the gas, kg/m3;

B volume fraction of gas in fluid.

Kg

For adiabatic conditions, Kg = YP where P is the gas
pressure in pascals and vy is the ratio of specific heats (Y=
1.29 for steam), but Crespo [1969] deduced that the bub-
bles behave isotropically except when they are large, the
liquid viscosity is low, and the sound frequency is high.
In the present case with an incandescent liquid of high
viscosity, isothermal conditions apply and Kg = P Pa.
Taking steam as the gas, its density Dg is given by

Dg = PIRT kg/m> )]
where R = 461.51 J/(kg K) is the gas constant for steam
and T = 1273 K is the assumed temperature of the
magma. Adopting Murase and McBirnie’s [1973] val-
ues of 2.3 km/s for the velocity and 2600 kg/m? for the
density in bubble-free tholeiitic basalt at 1200 K, the
values of velocity and density versus pressure in the
vesicular magma were calculated and converted into
values versus depth given in Tables 2, 3, 4, and 5.
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Figure 7 shows the curves of velocity versus true depth.
Velocity gradients with depth were calculated and care-
fully smoothed and adjusted so that the straight line seg-
ments met without steps.

Aki et al. [1978] made similar calculations, except
that they assumed adiabatic conditions in the bubbles,
and noted that the level of their seismic signals was
below the yield strength. Both these conditions increase
the seismic velocity. Our calculations apply to strong
signals, in which the yield strength is greatly exceeded,
and the velocity is lower.

Miksis and Ting [1987] have deduced the effects of
viscosity on the velocity, for the assumptions of small
gas volume fraction (<<1), and bubble diameter and
separation distance much less than the acoustic wave-
length. For small amplitudes of motion, propagation is
linear, and the acoustic velocity varies monotonically
between Wood’s [1946] value for zero Reynolds number
Re (infinite viscosity and/or zero bubble diameter) and
Crespo’s [1969] value c, for infinite Re. Miksis and
Ting [1987] quote the Crespo value for the case of zero
gas density as

c2=vYP(1 +3B)/DB

where v is ratio of specific heats of the gas, P is the gas
pressure in the mixture, B is the bubble fraction, and D
is the density of the liquid. For the conditions adopted at
the Erebus lake surface, ¢, = 25.5 m/s and 23.8 m/s for
B = 0.5 and 0.75, respectively, which are hardly differ-
ent from the values 20.1 and 23.2 m/s from Wood’s
equation. Fifty percent porosity gives the lowest possi-
ble velocity in basalt magma at low pressure.

The amplitude of oscillation relative to bubble diame-
ter has an important effect on attenuation and linearity,
because large amplitudes cause translation of bubbles
through the liquid, owing to the density contrast and dif-
ferential acceleration forces, and result in elliptical bub-
bles. Miksis and Ting’s [1987] solution is complex and
approximate. Acoustic velocity varies during each cycle
from the Crespo limit at maximum particle velocity to
the Wood’s limit at zero particle velocity. Propagation is
nonlinear, with compressional onsets becoming
smoothed (emergent) and dilational ones becoming
steepened.

MODELING CALCULATIONS

For modeling purposes the volcano is regarded as a
radially symmetrical cone with vertical axis and can be
represented as a two-dimensional radial section. The
magma column was initially assumed to have the same

0.1

2.75 I

Pressure-depth in magma, MPa

50 10 1 0.1 0.01

Bubble radius, mm

Fig. 6. Curves of bubble radius versus pressure depth in basalt
magma rising at 5 cm/s, calculated by Sparks [1978] for sev-
eral values of water content (weight percent). Other conditions
were as follows: solubility constant, 0.13; diffusion coeffi-
cient, 1.5 x 1078 cm?¥s; supersaturation pressure, 2 bars; vis-
cosity, 1000 P.

radius as the main crater (500 m), on the assumption
that the inner crater and lava lake mark the top of the
ascending limb of a convection system and that the
descending limb has crusted over to form the main
crater floor. Subsequently, it was found that the radius
was not critical and could be quite small. A radius of 50
m has been adopted, similar to that of the inner crater.
Program RAYAMP-PC [Crossley, 1989] was used
for the modeling. The program defines the measurement
plane to be horizontal, unlike the sides of the volcano.
An unsuccessful attempt was made to tilt the model so
that the volcano sides were horizontal, and the layering
in the lava lake was tilted. Instead, the sides and the lava
lake were made horizontal, and slant distances were
adopted as in the time-distance graph. The errors are
small provided that the source of the earthquakes is
shallow relative to the recording distances. Models with
a concentric descending convection limb of lower vesic-
ularity than the rising limb were attemped, but
RAYAMP-PC could not correctly calculate the ray path
times for rays which penetrated two vertical boundaries
between different media in succession. It was necessary
to model the entire magma column as laterally homoge-
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TABLE 2. Magmastatic Pressure, Bubble Radius, Porosity, Specific Gravity, Acoustic Velocity,
and Vertical Velocity Gradient Versus True Depth in Bubbly Magma Rising at 5 cm/s

Depth, Pressure, Radius, Porosity, Specific Velocity, Gradient,
m kPa mm % Gravity m/s s

0 263 20.0 75 0.650 23.22 0.3602
21.1 537.7 10.8 321 1.766 30.8 2.2164
34.5 8124 6.41 9.50 2.355 60.5 4.5431
46.1 1087 4.53 3.37 2512 113.2 6.7545
571 1362 344 1.50 2.561 187.5 8.8716
68.0 1636 2.75 0.774 2.580 284.2 11.5505
78.9 1911 2.25 0.425 2.589 410.1 13.9444
89.7 2185 1.89 0.252 2.593 560.7 18.2037
100.5 2457 1.58 0.148 2.596 7573 21.4444
111.3 2735 1.33 8.81E2 2.598 988.9 22.5278
122.1 3010 1.135 5.48E"? 2.598 1232.2 24.7407
1329 3284 0.956 3.27E2 2.599 1499.4 22.0648
143.7 3559 0.810 1.99E2 2.599 1737.7 18.1667
154.5 3834 0.685 1.20E2 2.599 1933.9 13.6759
165.3 4109 0.575 7.29E73 2.600 2081.6 8.5741
176.1 4383 0.488 4.36E3 2.600 2174.2 5.7130
186.9 4658 0.409 2.57E73 2.600 22359 3.5463
197.7 4933 0.338 145 E3 2.600 2274.2 2.1389
208.5 5207 0.272 7.55E+ 2.600 2297.3 1.1574
219.3 5482 0.213 3.62E* 2.600 2309.8 0.6019
230.1 5757 0.158 1.48E 2.600 2316.3 0.2963
240.9 6031 0.098 3.53E 2.600 2319.5 0.0833
251.7 6306 0.043 2.98E-6 2.600 23204 0.0093
262.5 6581 0.006 8.10E"° 2.600 2320.5 0.0000

The initial water content is 1%, with 90,000 bubble nucleii per cubic meter. The notation E~
means X 1072,

TABLE 3. Magmastatic Pressure, Bubble Radius, Porosity, Specific Gravity, Acoustic Velocity,
and Vertical Velocity Gradient Versus True Depth in Bubbly Magma Rising at 5 cm/s

Depth, Pressure, Radius, Porosity, Specific Velocity, Gradient,
m kPa mm % Gravity /s 57!

0 263 11.45 75 0.650 2322 0.5429
19.1 537.7 5.422 24.1 1.972 33.59 2.5953
31.8 8124 3.458 7.63 2.402 66.55 6.4204
43.1 1087.1 2.242 2.20 2.543 139.1 12.4364
54.1 1361.8 1.510 0.683 2.578 275.9 19.5278
64.9 1636.5 1.085 0.255 2.593 486.8 26.3426
75.7 1911.2 0.8200 0.110 2.597 771.3 39.8333
86.5 2185.9 0.5977 4.26E2 2.599 1201.5 45.6262
97.2 2460.6 0.4272 1.56E2 2.600 1689.7 35.3148
108.0 2735.3 0.2923 5.00 E3 2.600 2071.1 16.3981
118.8 3010.0 0.1916 1.41E3 2.600 2248.2 5.6204
129.6 3284.7 0.1056 2.35E* 2.600 2308.9 1.0463
140.4 3559.4 0.0304 5.61E 2.600 2320.2

The initial water content is 0.75%, with 477,000 bubble nucleii/m3. E2 means x 1072,
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TABLE 4. Magmastatic Pressure, Bubble Radius, Porosity, Specific Gravity, Acoustic
Velocity, and Vertical Velocity Gradient Versus True Depth in Bubbly Magma Rising at 5 cnv/s

Depth, Pressure, Radius, Porosity, Specific Velocity, Gradient,
m kPa mm % Gravity m/s 571

0 263 7.0 75 0.65 23.22 0.4059
10.1 400 3.61 29.1 1.842 27.3 3.2687
16.8 538 2.28 94 2.355 492 8.4561
22.5 675 1.49 2.81 2.527 97.4 15.3818
28.0 812 1.03 0.947 2.575 182.0 28.3395
333 950 0.72 0.325 2.591 3322 51.4727
38.8 1087 0.49 0.103 2.597 615.3 86.5741
442 1224 0.33 3.14E? 2.599 1082.8 122.0926
49.6 1362 0.205 7.50E-3 2.600 1742.1 92.2453
54.9 1499 0.10 8.7E* 2.600 2231.0 16.4815
60.3 1636 0.015 0.0 2.600 2320.0

The initial water content is 0.5%, with 2,088,000 bubble nucleii/m3. £-2 means x 102,

neous, which is an unfortunate oversimplification.
Successful models fitting the observed time-distance
graph were possible using the velocity-depth functions
for 0.5% water. Figure 8 shows the solution for 75%
surface porosity based on Table 4. A depth of 10 m to
the seismic source is required in this case. A model with
0.5% water and 50% surface porosity based on Table 5
was also tested. Zero depth to the source was best here,
but the calculated times averaged 0.12 s larger than the
observed times. A marginal increase in water content
and/or surface porosity would optimize the fit. In both
models the volcano surrounding the magma column was
modeled as two layers on the basis of the interpretation

of the large seismic refraction experiment [Dibble et al.,
this volume]. The surface layer of velocity 1.3 km/s and
thickness 220 m overlies a thick layer of 4.1 km/s. The
calculated times were very sensitive to depth of source
(Figure 9), but relatively insensitive to the radius of the
magma column provided it exceeded 10 m (Figure 10).
The lava lake is normally smaller than this, but the solid
crust can be seen to overhang when the lava level falls
temporarily after an explosion, and at these times, lava
has been seen to flow horizontally in and out under the
overhang.

Figure 11 is an enlargement of the ray paths within
the lava lake, showing that only paths leaving the source

TABLE 5. Magmastatic Pressure, Bubble Radius, Porosity, Specific Gravity, Acoustic
Velocity, and Vertical Velocity Gradient Versus True Depth in Bubbly Magma Rising at 5 cm/s

Depth, Pressure, Radius, Porosity, Specific Velocity, Gradient,
m kPa mm % Gravity m/s s

0 263 7.00 50.00 1.300 20.1 2.2500
7.5 400 3.61 12.10 2.286 38.1 8.4000
134 538 2.28 3.34 2513 79.9 14.1667
18.8 675 1.49 0.955 2.575 165.2 32.0000
24.3 812 1.00 0.291 2.592 325.0 39.6667
29.7 950 0.72 0.109 2.597 562.8 87.0000
35.1 1087 0.49 0.034 2.599 997.9 94.5000
404 1224 0.33 0.010 2.600 1565.2 100.0000
45.8 1362 0.20 0.003 2.600 2068.8 36.8333
51.2 1499 0.10 0.000 2.600 2289.5 6.0000
56.6 1636 0.02 0.000 2.600 2320.0 0.0300

The initial water content is 0.5%, with 696,000 bubble nucleii/m?.
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Fig. 7. Acoustic/seismic velocity versus depth in vesicular magma. Curve A represents 0.5% water
and 50% surface porosity (700,000 bubbles/m?); curve B, 0.5% water, 75% surface porosity
(2,090,000 bubbles/m3); curve C, 1% water, 50% surface porosity (30,000 bubbles/m’); and curve
D, 1% water, 75% surface porosity (90,000 bubbles/m?).

at near vertically downward trajectories can easily pene-
trate the wall of the magma chamber and reach the geo-
phones. Theoretically, rays leaving by much less steep
paths can be reflected from the surface one or more
times so as to meet the wall horizontally and pass
through, but the reflection coefficient between vesicular
magma and massive wall rock is high because of the
velocity and density contrasts, and the escaping rays are
highly divergent. One other efficient path can be recog-
nized. If the lava lake is covered with a crust of normal
velocity, rays originating in the lava lake can be critical-
ly refracted along its lower surface and pass through the
crater wall to the geophones, so as to be the first arrival
at short distances. The amplitude of such rays can be
expected to be small and variable when the crust is thin,
because the solid angle available for their propagation is

small. The small precursors at E1 which do not stack
well cannot result from such a path. They probably
result from the updoming of the lake prior to the explo-
sion. Dibble et al. [1984] ascribed the emergent infra-
sonic precursors to explosion airwaves to such updom-
ings.

EXPLOSION EARTHQUAKE MECHANISM

The mechanism of explosion in vesicular and highly
viscous lava having an appreciable yield strength
(Bingham body) is complex and incompletely under-
stood, but it is obvious from the bulging of the lake sur-
face before an explosion that a volume within the lake
becomes overpressurized. This pressure is present at the
bottom of the volume before the explosion occurs. The
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Fig. 8. Seismic ray paths and travel times through a model of Erebus, for a source 10 m deep in a
vesicular lava lake with 0.5% initial water. The RAY AMP program dictated a horizontal recording
plane (the tilted mountain side) and a horizontally stratified lava lake. (a) The enlarged view of the
ray paths to 1 km is shown. Velocity versus depth in the apparently layered part of the lava lake is
shown in Figure 8b. (b) Ray paths out to 11 km slant distance are shown. A velocity gradient of
0.05 km/s per kilometer of depth Z is assumed in the 4.1-km/s layer. (c) Reduced travel times ver-
sus slant distance show synthetic seismograms, a calculated time-distance line, and observed times
(symbols). Times T were reduced by 0.25 s per kilometer of distance D, so that 4-km/s lines
become horizontal. (d) Calculated amplitude times D versus slant distance D are shown on a log
scale. Horizontal lines have Aje< 1/D.
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Fig. 9. The time intercept of the 4.1-km/s time-distance line
versus the depth of the source in the model shown in Figure 8.

volume may be a large bubble, as in those cases when
clear gas and discrete bombs are erupted, or contain lava
foam, as in cases when incandescent gas and ash are
erupted. In many eruptions, both large bubbles and foam
may be involved.

At Erebus the first sign of impending explosion is a
bulging of the lake surface over the eruption site, begin-
ning about a second before the explosion. Until then the
exploding volume is controlled by the viscous and elastic
yield stresses in the magma around it and by surface ten-
sion on bubble walls. It is also controlled by depth pres-
sure and of course by the strength of the roof. This must
be considerable and laterally very variable to allow strong
explosions and convection to occur close together in
space and time. It may be due to rewelding and cooling of
the collapsed lava foam after the vesicles have burst near
the surface to provide the column of fume rising from the
lake. Kyle et al. [1991, this volume] report SO, outputs of
15-230 Mg/d, and fast forward video shots in the TV
documentory “Expedition to Erebus” by Martin [1987]
show the fume rising from the convecting lava lake. The
author’s TV surveillance of explosions shows they usual-
ly occur from a stagnant nonfuming lake.

An explosion occurs when the roof fails in tension, and
a mass of bombs, ash, and gas is erupted, releasing the
pressure so that the bottom half of the volume (crater)
implodes. How then is the force of the explosion applied
downward so that compressional seismic waves are
recorded at a distance, as, for instance, at Sakurajima
Volcano [Yamasato, 198717 Possibilities include tension-
al rebound in the walls around the erupting volume from

Intercept time,
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Fig. 10. Time intercept versus radius of the magma column for
explosions at a constant depth of 10 m. As radius is reduced,
the rays exit the magma at shallower depth, but the times are
hardly affected until the radius of the column is less than 10
m.

the lip of the new vent toward its bottom, lateral spread-
ing of erupted gas pressure over the surface of the lava
lake around the vent, and gravitational slumping of the
sides of the vent as releveling begins. Thus the source
location of the downwardly propagating compressional
seismic waves is not the bottom of the transient hole in
the lava lake, but a ring around its sides at about the level
of the center of the erupted volume. Nevertheless, the
horizontally propagating waves should be dilational, and
this was observed by Kasahara et al. [1976] on the rim of
the crater of Miharayama Volcano, Izu-Oshima, and
explained by an “asymmetrical push cone type model.”
The flying bombs do not push the bottom of the vent
down by reaction forces any more than an arrow pushes
the tips of the bow backward when it is released.

The model has similarities to that of MacIntyre [1972]
for air bubbles bursting on a water surface, except that
surface tension is the main driving force in such small
bubbles. Using high-speed photography and dye, he
observed a surface shear flow wave on the bubble wall
traveling at close to its phase velocity (2.3 m/s) from the
rupture point toward the bottom of the bubble. The con-
vergence of the wave there caused a visible water spout,
and the dye revealed that a downward jet also occurred
below the bubble, in a classic example of action and
reaction. The upward spouts are characteristic of boiling
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Fig. 11. An enlarged plot of the ray paths through a lava lake with 1% water as in curve C of
Figure 7 and where the volcanic edifice is homogeneous 4-km/s material.

mud in geothermal areas and were seen in less perfect
form by Dibble [1972] during degassing of the Mauna
Ulu lava lake in Hawaii. They may also explain the
observations of Wilson [1980] and Dibble et al. [1988]
that the bombs are ejected a small fraction of a second
after the gas cloud from strombolian explosions.

If the exploding volume is full of highly vesicular
magma, a decompressional wave propagates downward
through it at the acoustic velocity of the mixture, caus-
ing bubbles at increasing depth to expand and burst,
each releasing seismic energy as for a big bubble, until a
depth is reached where the bubble walls are too thick
and the vesicular magma is no longer disrupted. In this
scenario the power of the downward seismic wave
increases over an appreciable time as the eruption prop-
agates downward, and its effective source is ill defined
but may be the center of the erupted volume. In both of
the above cases the initial seismic motion is at the sur-
face, although the center of energy release is effectively
the center of the exploding volume. Thus the best fit
depth of 10 m might be interpreted as an error in the
velocity model for the lava lake. Certainly, the velocity
model can not be regarded as sufficiently accurate to
give the depth of the source to 10 m.

It is important to note that it is not the “application”

of a reaction force to the eruption of mass or of gas
pressure to the bottom of the hole which produces the
downward seismic motion, but the removal of upward
forces on the rims of bursting bubbles allowing elastic
rebound of tensional strain together with gravitational
collapse. The mass, together with the low acoustic
velocity, controls the time duration of disruption, and
thus of rebound, and therefore the peak seismic power
and the spectral peak. It is concluded that no matter how
deep the bubble extends, surface effects are always
important, and that the effective seismic source is at or
above the equator through the erupted volume.

SUMMARY

The velocity structure of convecting vesicular basalt
magma columns during eruption has been determined
by using Sparks’ [1978] calculations for the growth of
bubbles in rising magma columns and Wood’s [1946]
equation for the velocity in bubbly liquids. Miksis and
Ting [1987] found Wood’s equation to be valid for high-
viscosity liquids with small Reynolds numbers. For
basalt with bubbles of radius less than 20 mm, Re is less
than 0.006.

Aki et al. [1978] reported very low velocities in
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Hawaiian magma caused by this mechanism but modi-
fied by weak shear strength as for Bingham bodies. The
present author uses it at Mount Erebus to explain a 0.5-s
delay in the seismic times relative to the video time of
an explosion, because the source is clearly within a low-
velocity medium of considerable vertical extent forming
a vertical waveguide. Here we consider only strong
waves which exceed the strength and assume a maxi-
mum porosity of 50 to 75% in the magma column at
zero depth.

Acoustic velocity is about 20 m/s at the top of the col-
umn and increases rapidly downward at gradients up to
100 s! until the depth of bubble nucleation is reached.
For basalt with 0.5% initial water, this is about 60 m.

Ray paths originating from strombolian explosions at
the top of the column have been determined using the
personal computer version of RAYAMP [Crossley,
1989]. They curve strongly upward and are inhibited
from penetrating into the wall rock by large values of
critical angle and high reflection coefficients.

Legitimately escaping rays originate very steeply
downward and enter the wall near the bottom of the
vesicular layer. Normally, they produce the first arrivals
at a distance but are weak because they are sourced
from a small solid angle. Their time intercept for an
otherwise simple model of the volcano is of the order of
0.5 s, but this is not obvious in typical data, because the
lack of a clear S wave prevents reliable origin time
determination. The intercept time is not strongly depen-
dent on the radius of the conduit, provided it is above
10 m.

The modeling of vesicular lava columns as having
very low surface velocity and very high vertical velocity
gradients gives a satisfactory explanation of the data on
explosion earthquakes in the Erebus lava lake and must
be a real phenomenon in strombolian activity. However,
the theory for the present velocity-depth curve assumes
small bubble fractions, and the curve is unreliable for
high bubble fractions. The theoretical difficulties are
daunting, and experimental data on acoustic velocity in
spheroidal foams of high bubble fraction and viscosity
are -necessary. The growth rate of bubbles in magma
foams is also uncertain when the bubble fraction is high,
because Sparks [1978] considered only isolated bubbles
of water vapor. When other gases are included, the
vesiculation will extend deeper, and at large bubble
fractions the depression of velocity may be less than
modeled here. The seismic effects may be modified but
not eliminated. The best fit depth of 10 m for an explo-
sion which originates at the surface may be a measure of
the accuracy of the velocity model.
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THE SEISMIC ACTIVITY OF MOUNT EREBUS IN 1981-1990

Katsutada Kaminuma

National Institute of Polar Research, Tokyo, Japan

The seismic activity of Mount Erebus was monitored from December 1980 until December
1990. Seismicity during the period can be divided into four stages: (1) high activity (December
1980 to September 1982), (2) precursor to increased explosive activity (October 1982 to August
1984), (3) increased explosive activity (September to December 1984), and (4) low activity
(1985-1990). From December 1980 to August 1984, the number of volcanic earthquakes around
Mount Erebus averaged 20-150 per day, including several earthquake swarms. A marked increase
in volcanic activity which began on September 13, 1984, and lasted until the end of December
1984 had more frequent and larger strombolian explosions. This increased eruptive activity was
accompanied by a distinct decrease in the intensity of background seismic activity, and only a few
earthquakes per day were subsequently recorded. The number of seismic events during 1985-1990
averaged less than 20 per day, with only one or two earthquake swarms in 1985 and 1986. An
aseismic zone in the southwestern part of Mount Erebus attenuates the higher-frequency seismic
waves and might indicate a magma reservoir which continuously supplies fresh magma to the lava

lake in the Erebus crater.

1. INTRODUCTION

This paper summarizes the seismic activity of Mount
Erebus from 1981 to 1990. A seismic network was
established on Mount Erebus (77°37'S, 167°09'E, 3794
m), Ross Island, Antarctica, in December 1980 by the
International Mount Erebus Seismic Study (IMESS).
This collaboration between Japan, New Zealand, and the
United States studied the seismic activity of Mount
Erebus until December 1986 [Kienle et al., 1981, 1982;
Takanami et al., 1983; Kaminuma et al., 1986, 1987;
Kaminuma, 1987]. During IMESS the number of seis-
mic stations ranged between three and ten (Figure 1).
Later the network which consisted of six seismic sta-
tions was used by the International Mount Erebus
Eruption Mechanism Study (IMEEMS) of New Zealand
and Japan [Kaminuma and Murakami, 1989; Dibble,
this volume]. The objective of IMEEMS was to study
the eruption mechanism and the seismic activity of
Mount Erebus.

Signals from the Mount Erebus seismic network
(Figure 1) were transmitted to New Zealand's Scott Base
by radio telemetry and recorded on a 14-channel FM
data recorder and monitored using a one-channel chart
recorder. Five additional temporary stations were oper-
ated during the 1984-1985 field season for recording

Copyright 1994 by the American Geophysical Union.

during an explosion seismic experiment.

Infrasonic microphones were installed in 1980 near
the main crater of Mount Erebus to record explosive
eruptions. The infrasonic signals were recorded on the
FM data recorder via the radio telemetry [Dibble, 1985].

A video camera was installed from December 1986 to
December 1990 on the rim of the main crater of Mount
Erebus to observe eruptions from the lava lake [Dibble,
this volume]. The solar-powered camera and associated
TV transmitter usually operated from September to
April each year, but corrosion by volcanic gases of the
glass camera window obscured the pictures between
September and December [Dibble et al., 1988] until an
acrylic window was fitted in December 1988.

A new phase of volcanic activity started on
September 13, 1984, and lasted until late December
1984. It was characterized by larger and more frequent
strombolian eruptions. Significant changes in seismicity
within Ross Island and Mount Erebus were recognized
both before and after the increased eruptive activity.

2. SEISMICITY IN 1981-1990
Four types of earthquakes are recognized on the seis-

mic records: (1) teleseisms, (2) volcanic earthquakes,
(3) icequakes, and (4) local earthquakes in the region
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IMESS SEISMIC NETWORK
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Fig. 1. Locations of seismic stations in 1984. Abbreviations are as follows: ABB, Abbott Peak; BOM,
Bomb Peak; CBA, Cape Barne; CRA, Crash Nunatak; ERE, Erebus Summit; HOO, Hoopers Shoulder;
SBA, Scott Base; TER, Mount Terror Summit; LFA, Lower Fang Ridge; TRC, Truncated Cone; and
TSC, Three Sisters Cones. The Erebus summit station (ERE) was destroyed in September 1984 and was
replaced by station E1, which was situated at the El Trig station on the south side of the Side Crater.

surrounding Ross Island. Figures 2 and 3 show exam-
ples of seismograms of a volcanic earthquake, a tele-
seism, an icequake, and a local earthquake recorded at
Hoopers Shoulder station (HOO). Volcanic earthquakes
and icequakes are easy to distinguish from teleseisms
and local earthquakes because the latter two have a
lower frequency and longer duration. Only a few local
earthquakes have been recognized on the network.

Figures 4 and 5 show the daily number of earthquakes
per day between 1982 and 1986 as counted on the seis-
mograms from HOQ. Only earthquakes with S-P time
less than 10 s and volcanic earthquakes as shown in
Figure 2 (no clear S phases) and amplitude greater than
4 mm on the monitoring seismogram at HOO were
counted. Teleseisms and local events, which were esti-
mated to occur outside of Ross Island, were not counted.
Icequakes (Figure 3) which have high frequencies and
shorter durations [Kaminuma and Haneda, 1979] were
not counted.

Figure 6 shows the daily number of volcanic earth-

quakes counted at the Truncated Cones station (TRC)
and the Erebus E1 Trig station (E1) between 1987 and
1990. Counts using HOO could not be used during this
period, as the number of seismic events had decreased
and their amplitudes were too small. Stations TRC and
E1 are both located in the summit area. Seismic station
E1 replaced station ERE, which was damaged by a vol-
canic bomb during the 1984 eruptive activity. Using
seismic records from a week in 1987, Kaminuma and
Murakami [1989] counted the daily number of earth-
quakes on the HOO and TRC stations. They found 4
times more earthquakes per day at TRC than at HOO.
The daily number of earthquakes at E1 was about the
same as at TRC. In Figure 6 the estimated daily number
of earthquakes at HOO is also shown along the Y axis
for easy comparison with the numbers at TRC/E1.

The magnitudes of the volcanic earthquakes were
very small in most cases. Although the magnitudes have
not been determined quantitatively, the seismic events
shown in Figures 4-6 are estimated from their ampli-
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Fig. 2. A typical record of a volcanic earthquake (A) and a teleseism as recorded on the long-term
recorder used to monitor the activity. Each horizontal trace represents 1 min, and each block represents
1 hour. The horizontal traces are split into two sections with 5-s overlap at the end of each block.

tudes on seismograms to have magnitudes of less than 2
[Ueki et al., 1984; Dibble, 1985].

A remarkable change in the seismicity of Mount
Erebus occurred before and after the 1984 activity. The
seismic activity before the 1984 volcanic activity was
characterized by 60-150 earthquakes per day, as count-
ed at HOO. However, after the 1984 activity the daily
earthquake counts at HOO gradually declined (Figures
4, 5, and 6). At HOO there was an average of 64 earth-
quakes per day in 1982, 134 in 1983, and 146 in
January—July 1984. In 1985 and 1986, following the
activity, the average number of earthquakes was about
20 per day. The average daily counts at TRC in 1987
and 1988 were 64 and 15, respectively, which would

correspond to 16 and 4 earthquakes at HOO. The num-
ber of earthquakes at (mainly) E1 in 1989 was 47 per
day, equivalent to 12 at HOO. In 1990 the daily earth-
quake count at TRC was 12, equivalent to 4 at HOO.

3. HYPOCENTER DISTRIBUTION

Numerous studies of the earthquake hypocenters were
made as part of IMESS and IMEEMS using various
models of P wave velocity structure [e.g., Takanami et
al., 1983; Kienle et al., 1984; Kaminuma et al., 1986,
1987; Kaminuma, 1987; Dibble et al., this volume].
Takanami et al. [1983] used an empirical structure
model with an estimated Poisson's ratio of o— = 0.25.
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Fig. 3. A typical record of icequakes and local earthquakes on the monitoring seismogram.

Kienle et al. [1984] located earthquakes using "hypoel-
lipse," a computer program developed by the U.S.
Geological Survey. Rowe [1988] developed a structure
model using data from explosion seismic experiments
made in December 1984 [Kaminuma et al., 1985a].
Rowe's model had a linear gradient in P wave velocity
ranging from 3.55 km/s at the Erebus summit to 4.6
km/s at a depth of 7 km below the summit, which over-
lay a homogeneous half-space with a velocity of 6.1
km/s.

Kaminuma and Shibuya [1991] also developed a
velocity structure using the same explosion seismic
experiments as Rowe [1988] but with additional data
from some temporary seismic stations. They proposed a
first layer 2.2-2.4 km thick with a seismic velocity of
3.07 km/s. The boundary between the first and second
layers was slightly inclined, with the thickness of the

second layer ranging from 4.2 to 4.4 km and a velocity
of 4.67 km/s. The velocity of a third layer was 6.27
km/s starting at a depth of 6.6 km below the summit.
Kaminuma and Shibuya [1991] determined the earth-
quake hypocenters using P wave arrival times from five
or more stations. The accuracy of phase readings was
better than 0.05 s. The hypocenter locations have hori-
zontal and vertical errors of less than 3 km. An example
of a seismogram used for hypocenter determinations is
given in Figure 7. The event in the figure was observed
to be an explosion in the lava lake. The infrasonic signal
associated with the explosion was recorded on the infra-
sonogram as shown at the top of Figure 7. The P phases
identified and scaled as the arrival times are shown with
arrows in the figure.

Figure 8 shows the distribution of earthquake epicen-
ters and their focal depth projected onto a vertical NE-



KAMINUMA: MOUNT EREBUS SEISMIC ACTIVITY, 1981-1990 39

528 1982
2—C
400 N 4%421_A 4?0
300 >
no rec.
2m no rec.
100 | Wi
no rec. I
no rec. l \ b | \‘ H\‘ . ‘
1983
33—3 141a|
895
833'65 F oo
400N sTh s 1474
no rec. J

AMJJI

[STOINID

Fig. 4. Daily number of earthquakes in 1982 and 1983 at Mount Erebus and vicinity as counted at
Hoopers Shoulder station (HOO). Earthquake swarms are labeled 82-A, 83-B, etc.

SW section across Ross Island. Over 200 events were
used in the hypocenter calculations (Figure 8) for the
period January 1982 to September 1984 (that is, prior to
the 1984 eruptive activity). Although the hypocenters
scatter widely around Mount Erebus, there is a slight
concentration in the area northwest of the central cone
(between E1 and lower Fang Glacier (LFA) (Figure 3)).
Most of the earthquakes located in the northwest area
occurred in earthquake swarm 82-C [Kaminuma et al.,
1985b].

The focal depth distribution of explosion earthquakes
as defined by Shibuya et al. [1983] and Ueki et al.

[1984] ranges from 0 to 4 km below the summit. Other
earthquake types are distributed up to 15 km in depth.
An aseismic zone with few earthquakes is located in the
area southwest of the summit (ERE). Such an aseismic
zone was also reported by Shibuya et al. [1983], Ueki et
al. [1984], and Kaminuma et al. [1985b].

Figure 9 shows the distribution of earthquake epicen-
ters for the period between September 1984 and
December 1987 and their focal depth projected onto a
vertical NE-SW section across Ross Island. About 230
earthquakes are located in Figure 9, and their horizontal
and vertical errors are within 3 km. Almost all earth-
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quakes in Figure 9 clustered within a 5-km distance of
the summit. However, prior to the 1984 eruptive activity
the earthquakes were located more extensively through-
out Mount Erebus (Figure 8).

The existence of the aseismic zone beneath the sum-
mit of Erebus becomes clearer when 5 years of observa-
tions are considered, (Figure 10). The aseismic zone is
shown shaded in Figure 10, which also shows the

hypocenters of earthquakes. This aseismic zone might
indicate a magma reservoir which supplies continuously
fresh magma to the lava lake at the Erebus summit.
Figures 11a—11c show seismograms and spectra for
three typical earthquakes which were not accompanied
by an eruption of Mount Erebus. The locations of each
event are shown by a double circle on the figures. The
earthquake shown in Figure 11a was located near the
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aseismic zone, and the seismic ray path toward HOO
might pass through the aseismic zone. The spectra of the
seismic waves observed at the three stations on the flank
of Mount Erebus (HOO, ABB, and BOM) and at TER
are given in Figure 11a for comparison with each other.
The spectra of the seismic waves at ABB, BOM, and
TER have peaks in the range of 1-7 Hz. However, in
contrast, the spectra at HOO have peaks in the lower-
frequency range of 1-3 Hz.

The seismic waves of the earthquake shown in Figure
11b are characterized by narrow spectra whose peaks
are in the range of 1-3 Hz. This event has longer
hypocentral distances to the four stations than the events
in Figure 11a. The earthquake shown in Figure 11c has
spectral peaks in the range 5-25 Hz, which is higher
than the peaks for the other two examples (Figures 11a
and 11b).

The hypocenters suggest there may be an aseismic
zone beneath the southwestern flank of Mount Erebus
(Figure 10). Seismic waves passing through the aseis-

mic zone seem to have strongly attenuated higher fre-
quencies (Figure 11a), which suggests that the zone is a
magma reservoir [Kaminuma et al., 1985c; Baba et al.,
1985].

4. EARTHQUAKE SWARMS

An earthquake swarm is here defined as 250 or more
seismic events occurring within a 24-hour period.
Events occurring within a day on either side of the 250-
event days are also considered part of the swarm [Ueki
et al., 1984]. An example seismogram of an earthquake
swarm is given in Figure 12.

Nineteen earthquake swarms were detected from
1982 through 1990 (Figures 4-6). However, 16 of the
swarms occurred during 30 months in 1982-1984 [Ueki
et al., 1984; Baba et al., 1985] and are labeled 82-A, 83-
B, 84-C, etc., in Figures 4 and 5. Only one earthquake
swarm occurred in 1985, and two occurred in 1986. No
earthquake swarms were recorded in 1987 [Kaminuma
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Fig. 9. Hypocenters and epicenters of earthquakes recorded between September 13, 1984, and

December 1987.
and Murakami, 19891, 1988, 1989, or 1990 (Figure 6).
Frequency Variation

Figure 13 shows the duration, number of earthquakes,
and average hourly number of earthquakes for the 19
identified earthquakes swarms. The largest number of
earthquakes recorded on a single day was 2888 on July
12, 1984, during swarm 84-F . The number of days on
which the daily number of earthquakes exceeded 1000
was only seven. Such swarms occurred ooce in 1982,
twice in 1983, and 4 times during three swarms in 1984.

The largest hourly number of earthquakes among the
swarms was 37 for swarm 82-B, which occurred in 1982
between 1200 hours on July 20 and 1100 hours on July

22. Unfortunately, the network stopped its operation,
owing to a lack of battery power, on July 22 after a day
in which 1311 events were recorded (Figure 4).
Therefore the duration and number of earthquakes in
swarm §2-B are unknown.

Swarm 82-C was characterized by a very sudden
onset and a very rapid decrease in seismic activity
[Kaminuma et al., 1985b]. The 36-hour duration is the
shortest among the 19 recognized swarms; however, the
individual events were larger than those in the other
swarms.

Swarms 83-C and 83-F were characterized by longer
durations and a smaller average hourly number of earth-
quakes. The duration of swarm 83-C was 276 hours, the
third longest of the 19 swarms. The duration of swarm
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Fig. 10. The hypocenters of earthquakes recorded between 1980 and the 1984 eruptive activity.
The shaded area shows an aseismic zone, which may represent a magma reservoir.

83-F was 325 hours, the second longest of the swarms,
and its total number of earthquakes was about 5000, the
third largest.

Swarm 84-B lasted for 365 hours from 0300 hours on
March 29 to 0800 hours on April 13 and consisted of
9601 earthquakes, averaging 26 events per hour. This
swarm had the longest duration and the largest number
of earthquakes among the 19 swarms. Swarm 84-F last-
ed 261 hours and had about 8000 earthquakes.

The total number of earthquakes and the duration of
the earthquake swarms in 1985 and 1986 were smaller
than those in 1982-1984 [Kaminuma et al., 1988,;
Kaminuma and Murakami, 1989]. Not only the daily
counts but the swarm activities decreased after the 1984
activity.

Locations

Most of the swarms consisted of microearthquakes
with magnitudes of less than 1. Therefore only a few
locations could be determined for earthquakes in the
swarms. The errors of the hypocenter determination are
3 km in both the vertical and the horizontal direction; so
it seems that the swarms occurred beneath the Erebus
summit within a depth range of O to 9 km.

The earthquakes of swarm 82-A had very small
amplitudes and were only recorded at HOO; thus no
locations could be determined. However, the large value
of the Ishimoto-lida coefficient "m" is consistent with
this swarm being of volcanic type.

Three stations (BOM, ERE, and HOO) were operat-
ing during swarm 82-B; however, ABB was not work-
ing, and TER and SBA were more than 25 km from the
estimated epicentral area. No locations were determined
for swarm 82-B.

Using the seismic records for HOO, ABB, and BOM,
hypocenters for swarm 82-C were located near the

Abbott Peak seismic station (ABB) on the northwestern
flank of Mount Erebus. The swarm is assumed to have
no direct relation with any surface volcanic activity
[Kaminuma et al., 1985b].

Three stations (ABB, HOO, and BOM) were operat-
ing during swarms 83-A and 83-B, but the earthquake
amplitudes were too small to accurately identify the
arrival times of P waves.

The summit station (ERE) did not work during swarm
83-C, and only 11 earthquakes were recorded at HOO,
ABB, BOM, and TER. Although the accuracy of the
earthquake locations is not high, they were located
mostly to the east of the summit.

No locations for earthquakes in swarms 83-D, 83-E,
83-F, 83-G, and 84-F could be determined, as only two
stations (HOO and SBA) were working.

During swarm 84-B, eight stations were working,
although most of the earthquakes were recorded at only
two or three stations. Six earthquakes of this swarm
were located, and their hypocenters are shown by stars
in Figure 14. These six earthquakes are characterized by
having their maximum amplitudes at lower Fang station
(LFA) (see Figure 1).

Four earthquakes were located for swarm 86-A, and
seven were located for 86-B (Figure 15).

5. SUMMARY OF SEISMIC ACTIVITY

The monthly mean number of earthquakes counted at
and reduced to HOO is shown in Figure 16. The seismic
activity for 1981 to 1990 is divided into four stages. The
daily number of explosions during each stage is not dis-
cussed because explosions could only be recognized
from audiovisual, video, and infrasonic observations,
which are much less continuous than the seismic obser-
vations.
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Fig. 11. Spectra of seismograms for three types of earthquakes which were not accompanied by
eruptions. Locations of the earthquakes are given by double circles. Solid circles in the box (top
left) of each figure indicate epicenter locations. Vertical cross sections (center) show focal depth.
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Fig. 15. Earthquake locations during swarms 86-A (solid tri-
angles) and 86-B (solid circles).

High activity (December 1980 to September 1982).
The daily counts of earthquakes were 50-100 with one
or two earthquake swarms per year. The earthquakes
were located throughout Mount Erebus and the sur-
rounding area. This stage may have started before
December 1972, when the lava lake was first recognized
and was expanding [Kyle et al., 1982].

Preceding the new phase (October 1982 to August

1984). This stage started with the earthquake swarm in
October 1982 [Kaminuma et al., 1985b]. Energy for the
1984 eruptive activity was accumulating, and the size of
the lava lake was maximum at this stage. The seismic
activity was very high; the daily counts were over 100,
and several earthquake swarms occurred every year.
The earthquakes were located throughout Mount Erebus
and the surrounding area.

New phase in activity (September to December
1984). Many large explosions with volcanic ejecta
occurred, and there were major changes in the inner
crater [Kyle, 1986; Kaminuma, 1987]. The lava lake in
the Inner Crater was buried by ejecta.

Low seismic activity (1985-1990). A 20-m-diameter
lava lake was exhumed within the inner crater in 1985
[Kyle, 1986]. During this period the daily earthquake
counts were less than 20, and the earthquake epicenters
were located only in the summit area.

6. CONCLUSION

An international cooperative project between Japan,
New Zealand, and the United States continuously moni-
tored the seismic activity of Mount Erebus from 1981 to
1990. During the observation period, a large increase in
eruptive activity commenced in September 1984 and
lasted to the end of the year. A distinct change in the
background seismicity was recognized before and after
the 1984 activity.

The number of volcanic earthquakes around Mount
Erebus averaged 20-150 per day, including several
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Fig. 16. The monthly mean number of earthquakes per day counted at HOO from 1981 to 1986 and
at TRC or E1 from 1987 to 1990. The reduced number to HOO is also shown in 1987-1990.
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earthquake swarms in every year before the 1984 erup-
tive activity. The number of seismic events after the
activity during 1985-1990 averaged less than 20 per
day. Only one and two earthquake swarms were record-
ed in 1985 and 1986, respectively, and no earthquake
swarms occurred from 1987 to 1990.

An aseismic zone is recognized in the southwestern
part of Mount Erebus. The seismic waves passing
through the aseismic zone seem to be strongly attenuat-
ed at higher frequencies. It is suggested that the zone
might be a magma reservoir which supplies magma to
the lava lake in the Erebus crater.
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MONITORING MOUNT EREBUS BY SATELLITE REMOTE SENSING

D. A. Rothery and C. Oppenheimer

Department of Earth Sciences, The Open University, Milton Keynes, England

The harsh conditions at Mount Erebus make remote sensing an attractive means to help monitor
its activity. Here we review previous attempts to determine conditions at the active vent of Mount
Erebus by satellite-based infrared techniques using data of both high and low spatial resolution.
Either resolution can reveal the presence of hot material exposed at the surface. By using the high-
resolution data, it is possible to estimate the sizes and temperatures of the hot areas. Uncertainties
are considerable, but they will be less for future generations of satellite instruments.

INTRODUCTION

An active lava lake of phonolitic composition was
first observed at Mount Erebus in 1972 [Giggenbach et
al., 1973] and was present at the time of all reported
observations until 1984. The maximum recorded diame-
ter of the lake during this period was 60 m, but by
October 1984 it had become buried by strombolian ejec-
ta. Continued strombolian activity led to the reopening
of vents and the exhumation of the former lake surface
upon which one or more lakes up to about 20 m across
have been present in all observations since December
1985.

Quite apart from their unusual geochemistry, Mount
Erebus’s long-lived lava lakes deserve monitoring
because they represent an extremely rare phenomenon.
Other sites where active lava lakes have persisted to a
comparable extent are very few, notably Erta *Ale,
Ethiopia [e.g., Le Guern et al., 1979], Nyiragongo, Zaire
[e.g., Tazieff, 1984], Kilauea, Hawaii [e.g., Tilling,
1987; Wolfe et al., 1987], and Masaya, Nicaragua [e.g.,
Stoiber et al., 1986].

Direct visual observations of conditions within the
summit crater of Mount Erebus have so far proved feasi-
ble only at intervals during the short Antarctic field sea-
son (usually restricted to the period October-January).
These have been supplemented with recordings made by
video cameras located on the crater rim [Dibble, 1989]
and year-round seismic data that can be related to sum-
mit activity [Kaminuma, this volume]. Remote sensing
from satellites is an additional tool that may become
increasingly important because it offers the potential to

Copyright 1994 by the American Geophysical Union.

monitor the thermal structure of Mount Erebus's lava
lakes, vents, and fumaroles frequently and throughout
the year, though only when the summit is not obscured
by cloud.

MOUNT EREBUS AS A TARGET FOR SATELLITE
REMOTE SENSING

Remote-sensing satellites are usually placed in polar
orbits that take them to within about 10° of the poles. At
the high southern latitude of Mount Erebus, adjacent
orbital tracks converge markedly, and this increases the
frequency at which the volcano falls within the image
swath. For example, the conventionally quoted repeat
time for coverage by a Landsat satellite is 16 days.
However, this applies only near the equator, and in fact,
Mount Erebus falls within the image swath nine times
during the 16-day repeat cycle. Satellites recording at
lower spatial resolutions but with broader imaging
swaths, such as the National Oceanic and Atmospheric
Administration (NOAA) polar orbiters, which give
twice daily coverage near the equator, can cover Mount
Erebus several times each day.

There are essentially two approaches to remote sens-
ing of a high-temperature target such as Mount Erebus,
where material at temperatures of around 1000°C is
exposed; these are imaging in the conventional thermal
infared region at low spatial resolution and high spatial
resolution imaging in the short-wavelength part of the
infrared spectrum. Both types of data are provided by
satellites currently in orbit; the former is typified by
Landsat and the latter by NOAA polar orbiters. We shall
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review examples of each of these in turn. Data supplied
in photographic form are sometimes adequate to con-
firm the presence of a high-temperature feature, but the
original digital data must be examined, using an image-
processing system, to identify anomalies that are spatial-
ly small or of low radiant magnitude and to perform the
quantitative comparisons between spectral bands that
allow temperature, area, and (ideally) heat flux to be
estimated.

SHORT-WAVELENGTH INFRARED IMAGING
AT HIGH SPATIAL RESOLUTION

The Landsat Thematic Mapper (TM) instrument
records images in the short-wavelength infrared and vis-
ible region of the spectrum, with square pixels that are
30 m across. It also records a single channel in the
longer-wavelength, conventional, thermal infrared, but
with larger (lower resolution) pixels that are 120 m
across. The ability of the TM's short-wavelength
infrared sensors to record thermal radiance from hot
volcanic targets was first demonstrated by Francis and
Rothery [1987]. Rothery et al. [1988] went on to elabo-
rate a technique for measuring the sizes and tempera-
tures of the subpixel-sized thermal anomalies responsi-
ble for this radiance, and Glaze et al. [1989] suggested
that such data could be used to estimate the thermal
radiant flux emanating from a volcano, thereby offering
a constraint on the energetics of the system. Subsequent
work [e.g., Oppenheimer, 1991a; Oppenheimer et al.,
19934, b] has indicated several limitations to, and
uncertainties in, the derivation of radiant flux, but nev-
ertheless, TM data remain a powerful means of detect-
ing molten lava or high-temperature fumaroles and of
estimating several thermally related parameters [Pieri et
al., 1990; Oppenheimer and Rothery, 1991; Oppen-
heimer, 1991b].

Only one example of Landsat TM data showing
short-wavelength infrared radiance from Mount Erebus
has been documented in the literature. This is an image
recorded on January 26, 1985, for which Rothery et al.
[1988] reported a clear radiant anomaly in the short-
wavelength infrared TM bands: band 5 (1.55 to 1.75-pym
wavelength) and band 7 (2.08 to 2.35-um wavelength).
There is also a radiant anomaly in the longer-wave-
length infrared, TM band 6 (10.4 to 12.5-pym wave-
length), within the conventional thermal infrared part of
the spectrum. These data are illustrated in Plate 1 and
indicate the clarity with which data of this kind can be
used to demonstrate the presence of hot material within
a summit crater such as that of Mount Erebus.

This image contains a cluster of six pixels that are

radiant in band 5 as well as in band 7, surrounded by a
halo of two or three pixels (i.e., up to about 90 m wide)
that is radiant in band 7 only. For pixels in which both
bands 5 and 7 are radiant, the "dual-band" calculation
(outlined by Rothery et al. [1988]) demonstrates a tem-
perature in the range 900°-1130°C in areas occupying
about 0.1-0.2% of each pixel. This would be compatible
with a crusted lava lake broken by incandescent cracks,
though it predates the first direct observation of the
renewed lava lake by 11 months. An alternative inter-
pretation is that the data represent a situation more akin
to an incandescent strombolian vent, and we note that
situations can exist which can be regarded as transition-
al between the two types of phenomena, such as at
Masaya in 1989 [Smithsonian Institution, 1989].

Temperatures that are derived by comparing spectral
radiance at different wavelengths in the infrared (as in
the dual-band method) are model-dependent. In this
case, since we are using Landsat TM data where there
are only two short-wavelength spectral bands available,
a value has to be assumed for one of the "unknowns" in
the dual-band equations. Furthermore, the model works
only for surfaces where the temperature distribution
within a pixel can be approximated to hot areas at a sin-
gle temperature surrounded by a background at a lower
uniform temperature. This problem may be approached
in any of several ways: the background can be assumed
to be too cold to be radiant in the short-wavelength
infrared [Rothery et al., 1988]; the temperature of either
the hot component [Oppenheimer, 1991a] or the back-
ground material [Pieri et al., 1990] can be assumed; or
the dual-band equations can be solved for a range of
possible hot component and background temperatures
[Oppenheimer et al., 1993a]. Further uncertainties are
introduced by instrumental effects such as blurring asso-
ciated with the sensor point spread functions, possible
spatial misregistration between bands, resampling of the
data during geometric correction (if any), and wave-
length-dependent absorption and scattering of the
upwelling radiation by the atmosphere. However, the
demonstration that a small fraction of the surface was
occupied by material at or near a magmatic temperature
remains valid.

The warm halo surrounding the hottest part of the
anomaly is more problematic. With only one useful
radiance measurement in each pixel (band 7), the tem-
perature of, and fractional area occupied by, the hot
material cannot be calculated. However, it can be con-
strained to lie between a minimum of 240°C if the sur-
face was at a uniform temperature and a maximum of
400°C if the hot material occupied 5% of each pixel,
dispersed on a nonradiant (<160°C) background.
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Plate 1. Details from a Landsat TM image of Mount Erebus, acquired on January 26, 1985. The
main view is 15 km across and shows TM bands 7, 5, and 4 in red, green, and blue, respectively,
and an enlargement of the central area is shown in the inset at the bottom left in which the 30-m by
30-m pixels can be distinguished. This combination of bands shows clouds as white and snow as
blue, whereas the hottest areas, radiating thermally in bands 7 and 5, appear yellow, and less hot
areas, radiating thermally in band 7 only, appear red. The inset at the bottom right shows the same
area as the adjacent inset in band 6 only; there is less detail because this channel is recorded with
120-m by 120-m pixels, which have been resampled to 30 m by 30 m.
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Rothery et al. [1988] suggested that this situation could
be accounted for by recently erupted tephra, citing a
seismic event at 1951:56 UT (5 min before the image
was recorded) as evidence. Workers who are familiar
with the normal conditions on Mount Erebus have cast
doubt on the validity of this argument (e.g., P. R. Kyle,
personal communication, 1989), and our own continued
TM observations of other hot volcanoes show that it is
common for a radiant anomaly to appear blurred in this
manner, possibly as a result of forward scattering of
radiation by the atmosphere or cross-sensor contamina-
tion.

Despite the uncertainty over how far the spectral radi-
ances recorded in each pixel can be relied on to give a
correct interpretation of the exact cause of a volcanic
thermal anomaly, these data are certainly adequate to
demonstrate the presence of incandescence in Mount
Erebus's vent area, at a time when the only other infor-
mation comes from seismic events. Short-wavelength
infrared observations such as these could be made fre-
quently for year-round monitoring. Rothery and
Oppenheimer [1991] and Oppenheimer et al. [1993a]
have demonstrated that such observations can be carried
out successfully at night, with distinct advantages over
the daytime data for estimating temperatures. Other
works have described forthcoming satellite platforms
more suitable for this kind of study than Landsat and the
techniques that could be used to take advantage of them
[Mouginis-Mark et al., 1989, 1991; Oppenheimer and
Rothery, 1991; Rothery and Pieri, 1993].

THERMAL INFRARED IMAGING AT LOW
SPATIAL RESOLUTION

At present it is possible to monitor a target such as
Mount Erebus more frequently and more cheaply using
image data of low spatial resolution recorded by meteo-
rological satellites, such as the NOAA polar orbiters that
are equipped with a sensor system known as the Ad-
vanced Very High Resolution Radiometer (AVHRR).
The resolution of the AVHRR is high only in a meteoro-
logical context, the pixels being 1.1 km across at nadir
and considerably wider than this near the edges of each
image swath. At this order of spatial resolution the
short-wavelength infrared part of the spectrum becomes
ineffective for detecting all but the largest volcanic ther-
mal anomalies. However, many phenomena remain
detectable at longer wavelengths, lying in the conven-
tional thermal infrared part of the spectrum (wavelength
greater than 3 pm).

The only account of satellite thermal infrared obser-

vations of Mount Erebus that we are aware of is that of
Wiesnet and D'Aguanno [1982], who showed that the 3-
to 5S-pm AVHRR channel showed a thermal anomaly
coincident with the summit. Oppenheimer [1989,
1991b] reexamined the image data that they used
(Figure 1), in an attempt to see if the dual-band tech-
nique combining this channel with the 10.5- to 11.5-ym
channel could be used to derive an estimate of the tem-
perature at the center of the anomaly and of the total
thermal radiant flux. Unfortunately, this does not appear
to be realistic, because of physical problems (a uniform
background temperature cannot be assumed) and sen-
sor-related problems (streaking out of the anomaly
along a scan line and bleeding of the anomaly between
scan lines).

However, the ability of low-resolution satellite plat-
forms to simply confirm the continuation of a thermal
anomaly, such as that on Mount Erebus outside the
active field season, is something that ought not to be
overlooked, especially in view of the ready availability
of such data, which could be received by direct trans-
mission using equipment at McMurdo Sound or Scott
Base. Some of the options for using meteorological
satellites for volcano monitoring are reviewed by
Rothery [1992].

OTHER USES OF SATELLITE DATA

It is expected that satellite data will become more
abundant and more readily available in the future, as
will the workstations and personal skills required to take
advantage of them. Among the other potential contribu-
tions of satellite data for studies of Mount Erebus are
mapping the distribution of newly erupted products by
visible or near-infrared imaging, tracking eruption
plumes by visible or thermal imaging, monitoring the
SO, flux by ultraviolet atmospheric sounding, and mea-
suring deformation by lidar altimetry or radar altimetry
and interferometry. References to these techniques may
be found in the work of Mouginis-Mark et al. [1989,
19911, Rothery [1992], and Rothery and Pieri [1993].

Fig. 1. (Opposite) The lava lake (arrow) on Mount Erebus
detected as a hot thermal anomaly (dark in this rendering) on
NOAA polar orbiter AVHRR images. The pixels on this
image represent areas slightly more than 1 km across at (a)
1632 UT on January 13, 1980, and (b) 1808 UT on October
10, 1980.
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CONCLUSIONS

Satellite remote sensing has so far played only a
minor role in volcanological studies of Mount Erebus. It
has demonstrated the presence of exposed hot material
within the summit crater at times when there were no
other observations and has provided a crude estimate of
the temperature of the active lava. However, as tech-
niques improve, remote sensing will become a more
highly valued volcanological tool. Except for the use of
radar, remote sensing can be carried out only when the
area of interest is clear of clouds. This difficulty is
somewhat eased by the increased frequency at which a
polar-orbiting satellite can image a high-latitude target
such as Mount Erebus.
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A program to monitor volcanic deformation about the active summit crater of Mount Erebus

was conducted from December 1980 to December 1985. Precise triangulation, trilateration, and
tilt-leveling surveys were made annually in conjunction with the International Mount Erebus
Seismic Studies project. Observed volcanic deformation has been restricted to a relatively minor
expansion across the 500-m-wide crater totaling 50 + 20 mm. Most of this deformation was record-
ed in 1982 and 1984 coinciding with increased seismic and volcanic activity, respectively. The
deformation is interpreted as minor inflation associated with the increased gas and heat flux
beneath Main Crater. There was no evidence for a substantial volume change in magma stored at
shallow levels or a blockage in the conduit during the monitored period. The geodetic data also
suggest a shallow rift system extending southwest from Main Crater through Side and Western
craters. Short-term deformation detected during early December 1984 could not be correlated with
ongoing eruptive activity. Downhill creep of Camp Flow about the old Erebus hut was monitored,
confirming its origin as a glacier rather than a lava flow. The survey techniques and equipment
used proved satisfactory in the Antarctic environment, although problems with benchmark instabil-
ity, thought to be related to the effect of solar or geothermal heat on surface or underlying ice,
restricted the effectiveness of the tilt-leveling surveys and resulted in noise levels of about 20 urad.

INTRODUCTION

Geodetic surveys were conducted annually from
December 1980 to December 1985 in the summit area
of Mount Erebus to assess the nature and level of vol-
canic deformation associated with ongoing volcanic
activity. The work, although separately funded, comple-
mented the International Mount Erebus Seismic Studies
(IMESS) project. Deformation at active volcanoes can
reflect volume changes in stored magma at shallow
depths or a buildup of gas due to conduit blockage. A
measurement program was introduced at Erebus to help
refine volcanological models based on seismological
data. Of almost equal importance, the surveys also pro-

Copyright 1994 by the American Geophysical Union.
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vided a unique opportunity to test and refine geodetic
monitoring techniques, both at a continuously active
volcano and in the extreme environmental conditions of
Antarctica.

Horizontal deformation was monitored by triangula-
tion and trilateration of a network established about the
active crater (Main Crater) and the portion of the sum-
mit to the north and west (Figures 1 and 2a). Vertical
deformation was monitored by four small-aperture tilt-
leveling patterns (dry tilt arrays) in the same region
(Figure 1). Minor surveys were made to assess deforma-
tion of the Main Crater floor, possible short-term defor-
mation associated with elevated volcanic activity in
1984, and suspected downhill creep of Camp Flow on
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Fig. 1. Mount Erebus summit topography showing the locations of major survey stations (open circles),
alignment marks (dots), and tilt-leveling patterns (TLP) (heavy triangles). Contours are in meters above

sea level.

which the old Erebus Hut is located (Figure 2b) to deter-
mine whether its origin was primarily glacial or vol-
canic.

SUMMIT MORPHOLOGY AND ACTIVITY

Mount Erebus is an active anorthoclase phonolite
stratovolcano of 3794 m elevation. The summit Main
Crater is 500-550 m in diameter with a mainly flat

floor, 140 m below the crater rim (Figure 1). Situated at
the northeastern end is Inner Crater, a subcrater 250 m
wide and 100 m deep, that has contained a lava lake
since at least December 1972. Strombolian-type erup-
tions, observed to average more than three per day, have
occurred from the lava lake and surrounding vents since
1974 [Giggenbach and Lyon, 1973; Kyle and Otway,
1982; Kyle et al., 1982; Dibble et al., 1984]. Eruptive
activity in September-October 1984 was significantly
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more explosive than any previously observed, with
many eruptions throwing lava bombs up to 500 m from
the crater. The presence of similar but older bombs in
the ballistic fall field indicates earlier episodes of this
style of activity. The 1984 activity buried the lava lake
beneath ejecta and modified the topography of Inner
Crater [Kyle, 1984]. By December 1985 a small lava
lake was again visible on the floor of Inner Crater. The
alignment of four craters, Inner, Main, Side, and
Western (Figure 1), and Tower Ridge, a 500-m-long lin-
ear fumarolic feature, suggests the presence of a rift sys-
tem trending at 060° (east of grid north).

HISTORY AND SCOPE OF SURVEYS

The project was approved by the Ross Dependency
Research Committee in 1979 with the understanding
that it would be carried out in cooperation with the
IMESS project. Surveyors were supplied each season by
the New Zealand Geological Survey, Department of
Scientific and Industrial Research (now the Institute of
Geological and Nuclear Sciences Ltd.) with field assis-
tance from the New Zealand Antarctic Research
Program (NZARP). The survey team benefited from
sharing the logistics with IMESS.

The original ground marks were installed around the
rim of Main Crater and the northwestern portion of the
summit area in December 1980, and the initial survey
was completed by early January 1981. Assistance was
provided by members of both the NZARP and the
IMESS groups (P. M. Otway, unpublished report on
1980/1981 deformation survey, 1981). The location and
description of all survey marks have been recorded
[Blick, 1986). Five repeat surveys were made and report-
ed annually in the New Zealand Volcanological Record
11-15 [Otway, 1982, 1984, 1985; Scott and Otway, 1987,
Blick, 1987], and the results were summarized and dis-
cussed by Blick et al. [1989]. The fifth survey com-
menced 2 months after enhanced eruptive activity began
in September-October 1984 [Kaminuma and Dibble,
1990] and provided a rare opportunity to test the moni-
toring techniques and examine the data for correlation of
deformation with volcanic activity [Scott and Otway,
1985]. The final survey of the series was made in 1985
[Blick and Williams, 1986]. It is hoped that further sur-
veys can be conducted to define any long-term trends.

DESCRIPTION OF SURVEYS

The main components of the surveys were as follows:
(1) The horizontal deformation of the summit area was
monitored by a network centered on the rim of Main

Crater connected to stations to the northwest (Figure
2a). The network was strengthened and extended to
include Side Crater and the Nausea Knob area in 1984.
(2) The vertical deformation of the summit area was
monitored by three tilt-leveling patterns to the northwest
aligned radially to Main Crater and by one to the south-
west on Side Crater (Figure 1). (3) The horizontal and
vertical deformation of Main Crater floor were moni-
tored from 1981 to 1983 by an eight-marker alignment
before it was destroyed by the 1984 activity (Figure 2b).
(4) The short-term deformation was monitored during
the declining activity in December 1984 by repeat elec-
tronic distance measurements (EDM) of four lines on
the outer slopes of Main Crater (Figure 2b). (5) A sur-
vey was conducted to determine whether the area
known as Camp Flow is a lava flow or an active glacier.
It was monitored by an alignment of six stations near
the old Erebus Hut from 1980 to 1985 (Figure 2b).

Horizontal Deformation Surveys

This aspect of the project was given maximum prior-
ity, being regarded as the technique most likely to
detect surface deformation related to pressure changes
in a shallow magma or gas source. Four survey stations
(A, B, C, and D) were initially installed on Main Crater
rim within approximately 200 m of the lava lake
(Figure 2a). Station H was installed in 1981 but sur-
vived for only three surveys before falling victim to
lava bombs in 1984. The crater rim stations were con-
nected to stations F and G, 1.5 km to the west and
northwest to provide a reference scale away from the
active crater. The enhanced activity in 1984 necessitat-
ed a major modification to the network due to the risk
of working on the crater rim and the need to extend the
network, particularly across Side Crater. This modifica-
tion served the dual purpose of expanding coverage in
case of extensive eruptive activity and further examin-
ing deformation associated with the rift system suggest-
ed by Scott and Currie [1984]. Stations N, O, and S
were added beyond Nausea Knob to compensate for the
lack of observations at stations B, C, and D, located on
the crater rim. Stations P, Q, and R were added to Side
Crater.

Each survey mark consists of 12-mm-diameter rein-
forcing steel rod (“rebar”) 1.5 m long, driven to about
1 m depth or refusal, leaving 0.5 m above ground level
and surrounded by a small cairn of rocks. The mark was
secured in place by “Antarctic cement,” warm water
applied liberally. This quickly becomes permanently
frozen by the low air temperature, which never exceeds
about —15°C. Marks installed prior to 1984 were fitted
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Fig. 2. Mount Erebus summit horizontal deformation monitoring networks. (a) Stations A—H and U
(double circles with solid centers) were installed in 1980 and 1981, and stations N-S (open centers)
were installed in 1984. Not all rays were observed during each survey. (b) The map shows minor mon-
itoring patterns. Minor or alignment marks are shown as circles (solid prior to 1982; otherwise open)
and commonly observed rays. Major stations are as for Figure 22 (Main Crater network is shown in

the inset).

with a 19-mm-diameter sleeve to provide a sighting tar-
get. Subsequently, marks were modified and had a 5/8-
inch stainless steel Whitworth thread attached to the top
to enable forced centering of the EDM reflectors. The
stability of each mark was assessed during each survey
by measuring to two reference marks (30-cm-long rods
driven in flush with the ground) approximately at right
angles, 3 to 5 m away. These precautions paid off dur-
ing the 1984 survey when marks A, B, and C were
found to be damaged by lava bomb strikes. All were
easily reestablished relative to the reference marks. Any
small remaining displacements were computed and
applied as eccentric corrections.

The first four surveys were made solely by triangula-
tion using line F-G as a baseline to control scale (Figure
2a). This line was measured in 1981 using EDM equip-
ment borrowed from a team carrying out mapping con-
trol. The 1984 and 1985 surveys were strengthened by

EDM measurement of all lines, in addition to the direc-
tion observations, made possible by the acquisition of
new EDM equipment. Vertical angles were observed to
determine station heights in order to reduce measured dis-
tances to the horizontal. All angle observations were
made directly to the station marks using a Wild T2
theodolite optically plumbed over each station. Six sets of
horizontal directions and three sets of vertical angles were
recorded. The precision of the horizontal directions was
estimated to be 2.5 seconds of arc and, for vertical angles,
5 seconds [Blick and Scott, 1986; Blick and Williams,
1986]. Distance measurements in 1981 were made by
Geodimeter 14A and in 1984 and 1985 by Wild DI20
Distomat infrared EDM. Meteorological parameters were
measured at each end of the lines to correct for ambient
air temperature and pressure. The precision of distance
measurements was estimated to be 5 mm + 3 ppm [Blick
and Scott, 1986; Blick and Williams, 1986].
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Fig.2. (continued)

Scale in 1981, 1984, and 1985 was provided by dis-
tance measurements. The measured distances of F-G
showed no significant difference; therefore F—G was held
fixed at the 1981 derived length for adjusting the 1982
and 1983 surveys. As direction observations were not
completed from F and G during 1980 because of adverse
observing conditions, and distances were not measured,
the length of A-B was held at the 1981 value when
adjusting the initial survey and calculating displacements.

The observed deformation of the summit portion of
Erebus can be modeled in different ways. It was first done
by studying horizontal displacements around Main Crater.
An “intrinsic” displacement solution for stations around
Main Crater rim is shown in Figure 3, in which the trans-
lation and rotation of the network between surveys is cal-
culated to minimize the sum of squared lengths of the dis-
placement vectors of the stations. Apparent displacements
between the Main Crater and the outer stations have been
ignored in this model, being generally below the standard
error (SE). The SE of the displacements about Main
Crater is estimated at +15 mm. The results indicate dis-
placements between consecutive surveys that are general-
ly less than 20 mm, although cumulative displacements

between December 1981 (the first survey with adequate
scale control) and December 1985 range from 20 to 45
mm. This represents extension between opposing stations
of 50 + 20 mm, or a proportional length change of about
100 ppm. Examination of the annual changes shows
about 40% of the total extension occurring during 1982
(Figure 3). Most of the remaining extension occurred dur-
ing 1984, concurrent with increased activity. Further out-
ward movement occurred at station C the following year.
The station displacements have also been resolved into
the line length changes (with SE) of lines A-B, B-D, and
C-D (Figure 4). The computations assumed a fixed base-
line A-B between the 1980 and the 1981 surveys. The
extension across the crater rim in 1982 and 1984 is inter-
preted as minor inflation as there was no evidence of sta-
tion instability.

An alternative technique was to model the deforma-
tion by estimating the parameters of a uniform shear
strain model. The method of simultaneous adjustment
was used to compute the station coordinates and the
parameters of a uniform shear strain following the
method of Bibby [1973, 1982]. The values quoted below
are the magnitude of maximum shear strain rate in engi-
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neering units and the azimuth of relative extension, each
followed by the half width of its 95% confidence inter-
val. Direction observations from all surveys were com-
bined in the adjustment, but as distance data were avail-
able only in the 1984 and 1985 surveys, a dilatation
value was not computed. The azimuth of maximum rela-
tive extension for the whole pattern is computed as 139°
+ 16° (east of grid north), and the shear rate is computed
as 11 + 6 ppm yr'!. The azimuth of the extension is thus
almost perpendicular to the alignment of Main, Side,
and Western craters and the Tower Ridge fumaroles
beyond (Figures 1 and 3).

Tilt-Leveling Surveys

Vertical deformation about the summit was moni-
tored by precise leveling of small-aperture tilt-leveling
(dry tilt) patterns [Otway, 1979, 1986]. Three patterns
were located on a northwest trending line radial to Main
Crater at distances of 270 m, 600 m, and 1500 m from
the lava lake. A fourth pattern was located 600 m
toward the southwest (Figure 1). This array of patterns
was intended to estimate the approximate plan position
and depth of pressure fluctuations within a shallow
magma body.

The preferred pattern design is an equilateral triangle
with side lengths of 50 m observed from a single instru-
ment position in the center. Only one pattern, Nausea
Knob, achieved this configuration. Steep terrain and the

absence of stable rock in suitable locations resulted in
the remaining patterns becoming more elongated and
thus more susceptible to error on the shortest axis. All
benchmarks were installed in pairs (as the main and
check benchmarks) in order to assess their stability. The
marks generally comprised 12-mm-diameter, 0.9-m-
long sections of reinforcing steel, hammered in almost
flush with the ground surface and secured with
“Antarctic cement.” Relative heights within each pattern
were observed by a Wild NA2 automatic level,
equipped with a parallel plate micrometer, to a hand-
held 3-m Invar staff. Triangle closing errors were usual-
ly restricted to <0.2 mm over observing distances of up
to 50 m. Noise levels induced by leveling errors and
benchmark instability have been assessed at 5-10 prad
between surveys, depending on the pattern configura-
tion. These results are slightly worse than results
obtained under more favorable conditions in New
Zealand [Otway, 1979, 1986].

Computed annual tilts from the Nausea Knob and
Tramways patterns during the period December 1980 to
December 1984 (expressed as vectors in Figure 5) were
generally within the assessed noise level. During the
same period, Side Crater recorded approximately twice
as much annual tilt, but as it was primarily in an east-
west direction (the most weakly defined component
because of the pattern configuration; see Figure 1), it
was also considered to be mainly noise. The 1985 sur-
vey recorded approximately double the previous appar-
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other patterns for the year to December 1985.) The center of each pattern (solid triangle) is shown

in its correct map location.

ent tilt at all three patterns, but a reexamination of the
data disclosed unusually large discrepancies (0.4—1.0
mm) between some of the main and check benchmarks,
thought to be related to the particularly mild tempera-
tures encountered that summer. The effect of these dis-
crepancies was tested by recomputation of the tilt by
excluding the suspect benchmarks. This adjustment was
found to substantially reduce the apparent tilt at all pat-
terns in 1985.

Tilt recorded at the Main Crater pattern was by con-
trast both consistent and large, averaging 145 + 20 prad
yr! at 210° + 10°, more or less tangential to the lava

lake (Figure 5). Bomb strikes and ongoing activity in
1984 rendered this pattern unusable. Measurement
between the three main benchmarks and their check
marks indicated relatively close agreement with discrep-
ancies of up to 0.5 mm, compared with the total annual
changes of about 5 mm across the pattern, ruling out
benchmark instability as the cause of the high tilt rate.
The site itself (a 20° northwest facing slope composed
of old ejecta) was checked for downslope movement by
installing a network of three temporary stations in
December 1982 (Figure 2b) to connect the tilt-leveling
pattern to stations B and C on the crater rim. Observa-
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tions made in 1982 and 1983 showed no significant
change, suggesting that downslope creep was unlikely
to be a major factor in such rapid tilt almost perpendicu-
lar to the slope. Lack of consistency with any other pat-
terns also eliminated volcanic deformation as a primary
cause. It was finally concluded that the tilt observed
may have been the effect of geothermal activity in the
crater wall on deep underlying ice. Surface cracking
near the crater rim, 60 m upslope of the pattern, lends
support to this theory.

Despite precautions the noise levels of all tilt-leveling
patterns were higher than expected, indicating stability
problems when attempting precise measurements in an
area of contrasting ground temperatures and underlying
ice. None of the recorded tilts have the characteristics of
previously documented volcanic deformation. It is
apparent that volcanic deformation in the zone
300-1500 m from the active crater did not exceed the
15- to 20-prad noise level prior to 1985 or 30 prad dur-
ing that year. In a separate exercise to study the feasibil-
ity of recording tilt continuously, in December 1982 a
pendulum borehole tiltmeter was installed adjacent to
station A on Main Crater rim. No satisfactory results
were obtained.

Crater Floor Surveys

In December 1981 eight steel (Dexian) marker stakes
were installed radial to the lava lake on the floor of
Main Crater as an experiment to measure gross defor-
mation close to the lava lake. The markers were placed
in line starting 10 m from the edge of Inner Crater and
extending southwestward for 190 m (Figure 2b). Each
1.2-m-long stake was hammered into the ground (a mix-
ture of fresh bombs and hard ice) to refusal, leaving 0.2-
0.8 m exposed and standing near vertical. Although a
high mortality rate through bomb strikes was anticipat-
ed, it was also hoped that enough markers would sur-
vive to enable an assessment of any deformation.
Theodolite observations from B, H, and D located the
markers to within about 100 mm horizontally and verti-
cally. When reobserved in November/December 1982,
four of the markers were found upright, two were slight-
ly bent and leaning away from the crater, and two were
badly bent and lying close to the ground. Observations
were made to all markers, sighting to their bases where
necessary in an endeavor to determine their true ground
positions. The 1983 survey team found little further
damage and repeated the observations. By December
1984 all markers had been buried by ejecta, and the pro-
ject was abandoned.

Computations show that the three markers within 60
m of the rim of Inner Crater behaved in a different fash-
ion from the more distant ones. In December 1982 the
closest markers showed horizontal displacements of up
to 200 mm generally away from the lava lake while
dropping 200-300 mm. In 1983 they showed no signifi-
cant horizontal displacement (10-60 mm), although they
continued to drop a further 90-180 mm. As the large dis-
placements observed in 1982 involved markers dam-
aged during the same period, little reliance can be
placed on these results. Hence the lesser displacements
observed in 1983 may be a truer indication of the upper
limits of deformation. Of the three markers at the far
end of the line (all apparently untouched), two show
random movements of 100 mm each year, while the
third one, 200 m from the crater, shows a consistent
150- to 250-mm southerly movement and a 500-mm
drop.

In summary, this experiment indicates that, in 1983 at
least, the southwestern crater floor within 60 m of the
edge of Inner Crater subsided by up to 180 mm with
negligible horizontal movement. Further from the crater
the random localized movements are thought to reflect
the influence of fumarolic activity on ice underlying the
crater floor in that area.

Repeat EDM Observations for Short-Term
Deformation in 1984

An experimental scheme was operated from Novem-
ber 28 to December 8, 1984, to test for possible short-
term deformation occurring over intervals of several
hours to several days associated with the ongoing
enhanced strombolian eruptions. Station O was adopted
as the instrument base station from which frequent
EDM observations were made to stations N, S, S upper,
and T, 1000-1300 m away on the northwestern slopes
of Main Crater (Figure 2b). Reflectors were left set up
to alleviate unnecessary traveling. Eight measurement
sessions lasting up to 17 min were made. The first ses-
sion took place on November 28, with another one on
December 3, four on December 7 (spanning 6 hours),
and two on December 8. A log of significant eruptions
seen or heard was kept from November 24 to December
8 to facilitate a comparison between activity and any
observed deformation [Blick and Scott, 1986].
Although a number of apparently large explosive
events were seen or heard, infrasonic recordings
[Dibble, 1989] later revealed that acoustic energy
release during this period had declined dramatically
since October.
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Distances measured from O to T (radial to the crater)
decreased by 5 mm between November 28 and 1330
hours on December 7. The distance to S upper (also
radial) decreased by 18 mm, with most of this decrease
occurring December 3 to 7. Distances to N (tangential to
the crater and therefore less likely to be affected by
inflation or deflation) showed no more than 3 mm
change. (S was not installed until December 7.) By com-
parison, the frequent measurements from 1330 hours on
December 7 to the end of the observations at 2020 hours
on December 8 recorded changes on all four lines (O to
N, S, S upper, and T) averaging only 5 mm, independent
of time. The estimated error on EDM lines of this
length, assuming meteorological observations are made
at both ends, is normally about 8 mm. Only two obser-
vations (both to S upper) out of a total of 29 exceeded
this value and must therefore be regarded with caution,
especially as none of the reflector stations were manned,
resulting in incomplete meteorological data.

In summary, the results indicate little evidence of
consistent deformation during the 11-day experiment.
The changes of about 5 mm observed on most lines over
the first 9 days are at about the normal instrumental
error level while meteorological inconsistencies could
be the source of the larger changes on the line to S
upper. If deformation was occurring, therefore, it
remained below the detection level of about 8 mm, i.e.,

8 ppm.
Camp Flow Alignment Survey

This survey was initiated to help determine the true
nature of the gently sloping area known as Camp Flow
in the vicinity of the old Erebus Hut (Figure 1). Super-
ficially, it has the characteristics of a lava flow, although
the presence of small but active crevasses suggested the
“flow” might be a small glacier with a surface coating
of lava bombs. To try and resolve this ambiguity and
monitor any movement, an alignment of five survey
marks was installed in December 1980. A corner of the
hut roof was adopted as an additional point. Theodolite
observations, usually comprising one or two sets of hor-
izontal and vertical angles, were made in 1980-1983
from A, B, U, and Z (Figure 2b). In 1984 and 1985 only
station U was occupied, although EDM measurements
were also made to all stations on the alignment.

Mean displacement rates and directions relative to
stations A and Z have been computed from the mean
annual changes in horizontal directions and vertical
angles observed over the total observing period (Figure
6). All points, with the exception of X, exhibit a general
northwesterly displacement (mean azimuth of 325 +
10°) at a mean rate of 21 £ 7 mm yr! and a vertical rate

of -20 = 7 mm yr'. Station X displays 70 mm yr! in a
southwesterly direction, subsiding at 170 mm yr’!, and
was clearly affected by its close proximity to a north-
east-southwest fracture associated with Camp Cave ice
towers and caves, an area of geothermal activity and
subsiding ice to the southeast. In conclusion, the general
northwesterly downslope movement strongly supports
the theory that Camp Flow is an active, although slow
moving, glacier probably influenced by the geothermal
activity on its upper side.

DISCUSSION

In general, the survey procedures and equipment used
performed well and produced acceptably precise results,
despite the temperatures (down to -30°C) producing
uncomfortable observing conditions. The equipment
was sometimes operated below the manufacturer's rec-
ommended temperature range, although only minor
problems were encountered, such as the theodolite
becoming stiff to operate and difficult to keep level
because of spirit bubble instability in the temperature
extremes, or the requirement that the EDM battery be
kept warm.

The pattern design proved satisfactory and allowed
for the modifications imposed by the 1984 eruptions.
Station mark design, particularly the threaded top to
accept EDM reflectors and the nearby reference marks
to check stability, was successful. The only problem
was in the benchmarks adopted for the tilt-leveling pat-
terns, where stability of <0.5 mm is important because
of the short (50 m) baseline lengths. In retrospect the
effect of surface freeze and thaw may not have been
fully appreciated. To minimize this problem in future
surveys under similar circumstances, a more reliable
method for isolating the marks from any near-surface
effect may need to be found. Alternatively, the patterns
should be expanded, or even joined to form an integrat-
ed leveling network, but this would require considerably
more effort for only a slight return. In summary, the
methods adopted for Mount Erebus are recommended
for use on similar volcanoes elsewhere, with the provi-
sion that attention be paid to developing the most appro-
priate form of benchmark design for the local condi-
tions.

Any significant volcanic deformation appears to have
been confined to Main Crater. The most reliable record
of deformation comes from the small network of crater
rim stations (A, B, C, and D) that survived the whole
period, demonstrating a total 50 + 20 mm extension of
the crater rim (representing a proportional change in the
crater diameter of about 100 ppm). The crater expansion
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Fig. 6. Horizontal and vertical displacement rates and directions, Camp Flow alignment,
December 1980 to December 1985. Horizontal rates (numbers at ends of vectors) and vertical
rates (negative numbers near station symbols) are in millimeters per year relative to stations A, B,

and Z. Contours are in meters above sea level.

occurred as two main pulses, the first in 1982 and a
larger one in 1984. Maximum relative extension across
the whole network occurred along an axis of 139°,
approximately perpendicular to the alignment of Main,
Side, and Western craters and the Tower Ridge fuma-
roles (about 245°). No tilt of volcanic significance was
detected above the 15- to 30-urad noise level in the
monitored zone west of Main Crater. Results from
experimental monitoring of markers on the floor of
Main Crater close to the lava lake indicate 90- to 180-
mm subsidence in 1983, although horizontal movement
probably did not exceed the measurement error of 60
mm. In seeking a link with seismic and volcanic activi-
ty, we note that the first period of crater expansion,
interpreted as inflation, coincided with a significant
increase in the daily count of shallow earthquakes
recorded in the latter half of 1982 [Kaminuma and
Dibble, 1990]. The second, and greatest, inflation coin-
cided with the enhanced volcanic activity and shallow

seismicity commencing in September 1984 with the
possibility that it may have continued into 1985. In
terms of the volcanic structure, the fact that relative
extension is greatest in a direction almost perpendicular
to the alignment of summit volcanic features appears to
confirm a link between the intrusion paths and the geo-
logical structure of this portion of the volcano, although
such a lineation has not been recognized in the seismici-
ty [Kaminuma and Dibble, 1990].

By comparison with inflation and deflation observed
to be associated with eruptions at similar shield volca-
noes such as Mount Etna and those in Hawaii [Decker,
1986], the inflation recorded at Erebus appears to be
both relatively localized about the vent and only weakly
correlated with near-surface activity. The absence of
more extensive preeruption inflation with no posterup-
tion deflation in 1984 indicates that there was no sub-
stantial change in the size or pressure of the magma
chamber at shallow levels in the summit region but does
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not preclude changes below about 2-3 km. It seems
probable that the magma conduit system stayed essen-
tially open and stable during the study period allowing
the lava lake to remain continuously active and open to
the surface. The observed episodes of minor inflation
are consistent with increased gas and heat flux into the
lava lake and, possibly, also into a shallow rift system
extending through Side Crater.
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Volcanic emission rates of SO, have been measured at Mount Erebus annually between 1983
and 1991 by correlation spectrometer (COSPEC V). Between 1988 and 1991, high-precision
(~+5%) measurements were possible by automating the COSPEC operations and the use of contin-
uous video observations to determine vertical plume rise rates. In December 1983, SO, emissions
were 230 Mg/d, but this value declined to 25 Mg/d in December 1984 following a 3-month period
of sustained strombolian eruptions which buried a persistent, convecting, anorthoclase phonolite
lava lake. Since 1985, there has been a general trend of increasing SO, emissions which correlates
with the area of magma exposed in small magma pools in the crater. Annual SO, emission rates
have ranged from a high of 84 Gg/yr in 1983 to a low of 6 Gg/yr in 1985. These rates are trivial in

comparison with global volcanic SO, emissions but may be important on a local scale.

INTRODUCTION

Volcanic gas emissions provide important insights
into the degassing processes occurring at and inside vol-
canoes. Volcanic gases can also have long- and short-
range environmental impacts. Eruptions may be predict-
ed by monitoring the amount and changes in SO, emis-
sion rates at volcanic vents [Malinconico, 1979;
Casadevall et al., 1981].

Generally, H,0 (35-90 mol %), CO, (5-50 mol %),
and SO, (2-30 mol %) are the most abundant volatiles
in basaltic and andesitic magmas [Anderson, 1975].
Sulfur can be analyzed more precisely than water or
CO, in volcanic plumes and, unlike H,0, is less likely
to be subjected to contamination by groundwater,
meteoric water, and air surrounding the vent [Gerlach,
1980]. The oxidizing conditions found at most vol-
canic vents result in nearly all volatile sulfur in plumes
being present as SO, [Gerlach and Nordlie, 1975;
Jaeschke et al., 1982; Symonds et al., 1990]. At the
present time, because of the availability of correlation
spectrometer (COSPEC) data, sulfur dioxide is the

Copyright 1994 by the American Geophysical Union.

most sensitive of the major volatiles to use in monitor-
ing gas plume associated with the degassing of
magma.

Measured SO, emission rates from individual volca-
noes are used to calculate the total output of other
volatiles and particulate matter from the vent. They are
also useful for the estimation of the total SO, output
due to volcanoes on a global scale [Stoiber et al.,
1987].

The objectives of this study were as follows: (1) to
quantify the amount of sulfur dioxide emitted from Mount
Erebus using a correlation spectrometer, (2) to determine
average SO, emission rates for annual budget estimates,
and (3) to determine trends in the data and relate them to
magma dynamics in the permanent lava lake.

Prior to COSPEC measurements, SO, emission rates
at Mount Erebus were estimated by other methods in
1978 and 1980. Polian and Lambert [1979] reported an
SO, flux of 3 Mg/d in 1978, using treated filters. In
1980, Radke [1982] made three SO, flux measurements
using a flame photometer mounted in a LC-130 aircraft.
These measurements ranged from 35 Mg/d on
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November 14, 1980, to 155 Mg/d on November 5, 1980.
The latter measurement was considered less reliable
owing to high winds and turbulence. All of these mea-
surements are considered inferior to the COSPEC mea-
surements reported here.

VOLCANIC ACTIVITY

Mount Erebus, Ross Island, Antarctica (3794 m,
77.58°S, 167.17°E), is a composite intraplate stratovol-
cano. The summit crater is 550 m in diameter and 120 m
deep and contains an Inner Crater 220 m in diameter
and 100 m deep. A persistent, convecting lava lake of
anorthoclase phonolite magma was first discovered in
1972 [Giggenbach et al., 1973] making Erebus host to
one of a very limited number of such features in the
world. The lava lake at Erebus is the only known phono-
litic lava lake.

Since the discovery of the lava lake, its size was mon-
itored annually between 1972 and 1978 [Kyle et al.,
1982], at which time the lake size stabilized and
remained constant until 1984. The motion of the magma
in the lake was characterized by either slow convective
movement or infrequent explosive eruptive activity.
Eruptions ranged from strong explosions that emitted
ash and bombs to weak explosions brought on by bubble
ruptures within the lake. Nonexplosive eruptions that
emitted dark ash from vents on the side of the lake were
also common [Dibble et al., 1988].

Sixty to 150 seismic events daily, as well as annual
earthquake swarms (250 or more seismic events per
day) occurred between December 1980 and August
1984 [Kaminuma and Shibuya, 1991]. Small strombo-
lian eruptions occurred at a rate of 2—-6 per day from
1972 until 1984 [Kyle et al., 1982; Dibble et al., 1984]
and often spewed bombs and ejecta onto the crater rim.
On September 13, 1984, stronger strombolian eruptions
started and over the next four months were heard, seen,
and recorded at Scott Base and McMurdo Station, 37
km away. Such violent activity had not been described
since Sir James Ross discovered the volcano in 1841
[Kyle et al., 1982]. During this period, bombs up to 10
m in diameter were ejected up to 1 km from the vent.
Bombs and other ejecta engulfed the Inner Crater and
buried the lava lake. Beginning in early 1985, seismic
activity had decreased to less than its pre-1984 level
[Kaminuma and Shibuya, 1991]. The lava lake has grad-
ually exhumed itself and consists of several small lakes
which show annual areal increases, except for 1988,
when their area as well as the SO, emission rate
decreased by 36%.

In January 1991 the position of the lava lakes and an
adjacent small explosive vent known as the "active

vent" were in similar configurations as prior to
September 1984. Chemical and mineral analyses indi-
cate that no change in the composition of the anortho-
clase phonolite magma has occurred since 1972
[Caldwell et al., 1989]. There have been no indications
that the conduit system beneath Erebus has been altered
in any way, which suggests it was stable during the
study period.

ANALYTICAL METHODS

Sulfur dioxide emission rates were determined using
a Barringer COSPEC V correlation spectrometer. The
COSPEC operates by dividing ultraviolet light into sev-
eral different spectral bands and measuring the intensity
of energy in those bands. A telescope on the COSPEC
(field of view 23 milliradians by 7 milliradians) scans
incident solar radiation. Four masks containing seven
gratings slit each filter and separate the light according
to wavelength. Two bands of radiation are of particular
interest; the first is the band of radiation of the wave-
length where energy is absorbed by atmospheric sulfur
dioxide. The second is the band of radiation where the
presence of atmospheric sulfur dioxide produces ener-
getic radiation [Millan et al., 1985]. The ratio of the
energy intensities of these two sets of radiation, in the
absence of extraneous sulfur dioxide, provides a base
line for the analysis. The energy intensity ratio is pro-
portional to the amount of sulfur dioxide present. The
COSPEC electronically produces an output voltage sig-
nal proportional to the ratio.

The COSPEC contains an automatic gain control
(AGQC) to correct for changes in the intensity of ultravio-
let radiation during the day. The AGC adjusts the sensi-
tivity of the instrument based on the intensity of the
incoming radiation. The instrument is frequently cali-
brated by measuring the energy intensity ratio when a
fused quartz chamber containing a known quantity of
SO, is inserted into the field of view of the instrument
against an SO,-free background.

COSPEC data collected in 1983 were obtained using
a LC-130 aircraft fitted with a quartz viewing window
mounted in the crew escape hatch [Rose et al., 1985].
All subsequent measurements were made on the ground
in a stationary mode where the instrument remained in a
fixed position and was then scanned across the volcanic
plume [Stoiber et al., 1983]. Data collected from 1984
to 1987 used the manual hand-held scan technique
[Stoiber et al., 1983; Chartier et al., 1988]. This tech-
nique requires the constant presence and attention of the
operator to provide a steady scan rate and scan angle for
accurate SO, measurements. The data collected in this
manner were recorded on a Hewlett-Packard strip chart
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recorder and analyzed by calculating the area beneath
the resulting curve, by using a planimeter or counting
squares manually on the chart paper. The computed area
was referenced to calibration data taken prior to and
after each scan, then multiplied by the plume width to
give an SO, cross section, in ppm m?. The SO, cross
section multiplied by the plume velocity gives the SO,
emission rate for that scan.

Since the 1987/1988 austral summer field season, an
automatic scanning head that provides constant scan
angles and scan rates with minimal aberrations due to
operator interaction was used to collect all of the data
[Kyle and Mclintosh, 1989]. In the automated technique,
data were collected by mounting the COSPEC on an
automatic scanner and recorded into the memory of a
Toshiba T1200 HB lap-top computer utilizing the soft-
ware program COSPEC. Data were reduced using the
program ASPEC.

The distance from the COSPEC to the plume was
determined using topographic maps. The scan angle for
each data set was measured by means of an inclinometer
or protractor mounted on the COSPEC. The distance to
the plume and scan angle are used to calculate the width
of the plume.

Much of the COSPEC data used in this study were
accompanied by simultaneous video recordings of the
plume shot from the COSPEC site. The video records
allow accurate determination of the plume velocity.
Owing to the small volume of the volcanic plume at
Erebus and the distance from the COSPEC site to the
plume (approximately 2 km), COSPEC data were main-
ly collected on windless days when the plume rose verti-
cally. In this case, plume velocities depend only on ther-
mal inertia.

The distance from the COSPEC/camera site at the
lower Erebus Jamesway hut and the distance between
topographical landmarks on the rim of Erebus are well
known. Plume velocities were therefore calculated
directly from video tapes. Some distinguishable feature
of the plume (for example, a discoloration or the leading
edge of a puff) was timed using a stopwatch as it trav-
eled known distances on the video screen. When time
and distance traveled are measured, the calculation of
plume velocity is trivial. In circuomstances where the
video was unsuitable (owing to no visible plume, for
instance) or when no video was shot, average plume
velocities from COSPEC sessions immediately preced-
ing and/or following the times of "video gaps" were
used. Nearly all measurements of plume travel times
made using this method have better than +5% statistical
error, thereby greatly improving accuracy in one of the
greatest sources of error (Table 1) involved with corre-
lation spectrometry observations.

TABLE 1. Uncertainties in COSPEC Measurements at Mount
Erebus

Error Source With Video, % Without Video, %

Wind speed/rise rate +5 +30
Distance to plume +3 +3
Scan rate +2 +2
Data reduction with

ASPEC +2 +2
Cumulative error (square

route of the sum of the

squares) +2 +30

Error is based on reproducibility, except distance and scan
rate errors, which are best estimates.

RESULTS

Sulfur dioxide emission rates have been measured by
COSPEC at Mount Erebus annually since 1983. The
number of days of observations, mode of measurement,
and number of observations are given in Table 2. There
has been a steady increase in the number of daily mea-
surements, due principally to the introduction of the
automatic scanner in December 1988. A large number
of measurements is desirable, because it helps average
out the variations seen in SO, emission rates over min-
utes, hours, and days when calculating long-term SO,
emission rates.

1983

In December 1983, SO, emission rates were measured
with the COSPEC mounted in an aircraft. The results of
27 SO, flux determinations were reported by Rose et al.
[1985] as 230 + 90 Mg/d. This result is important, as it
precedes the increased explosive activity which started in
September 1984. The anorthoclase phonolite lava lake
remained uniform in size and behavior from 1976 to
September 1984. During this period, visual observations
showed no changes in the size of the plume, and the odor
in the plume was als