
The figure (section C) shows an empty cavity, perhaps pre-
viously filled with a saline solution in which a halite crystal
precipitated (white crystal with dissolved corners). Such inclu-
sions are important in understanding processes of magmatic
contaminations. The inclusion shown in the figure (section D)
occurs in a halo formed by minute dust-like inclusions. This
inclusion contains a daughter mineral of chromite and a smaller
crystal of pyrrhotite which contains minor amounts of zinc and
copper. Other inclusions in the same halo contain, respectively,
apatite, sanidine, ilmenite, and spinel. Understanding whether
these phases are truly daughter minerals crystallized out of the
trapped melt, or whether they are accidental solid inclusions,

would contribute significantly to studies of liquid immiscibility
in silicate melts. If all inclusions within this halo were trapped at
the same time and had a homogeneous composition, we would
expect to find similar daughter minerals in all the globules.
Crystallinity in granular masses in pseudosecondary inclusions
such as those presented in the figure (sections E and F) may be
used to determine relative trapping ages of inclusions. Further
research on fluid inclusions of olivine in xenocrysts and nod-
ules will answer some of the questions discussed above and
may provide a useful method for correlating ultramafic nodules
and xenocrysts genetically.
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Mount Erebus (3,794 meters) is the largest of four major
volcanoes that form Ross Island. A convecting lake of molten
anorthoclase phonolite lava occupied an inner pit crater (220-
meter diameter) within the 550-meter diameter main crater
from 1973 until September 1984 (Kyle et al. 1982). The evolution
of the lake and its convective flow patterns had been observed
every year since its discovery in January 1973 (Giggenbach,
1^yre, and Lyon 1973; Kyle et al. 1982).

Dramatic changes occurred in this unique magmatic system
St before the 1984 - 1985 austral summer. The steady-state

c nvection of magma observed for nearly 12 years apparently
s owed or stopped, possibly due to an overall cooling of the

stem, and the surface of the lake crusted over. Free gas flux
f om the glowing lava lake surface was inhibited, and the gas
s arted to become trapped under the solidified crust. Since 13
S ptember 1984 this trapped gas has been released in rather
v olent explosions. During the most violent eruptions in Sep-
t mber, mushroom-shaped eruption columns rose as much as 2
k  ometerS above the crater lip, and highly scoriaceous bombs,
Mn asuring up to 10 meters in length, were thrown as far as 1.5
ki ometers from the crater.

The 1984- 1985 eruption of Mount Erebus is the most signifi-
cant event since the discovery and naming of the volcano by Sir
James Clark Ross in 1841 (Ross 1847). At that time the volcano
may have been in a similar state of activity, based on descrip-
tions by Ross's party: "emitting smoke and flame. . . to a height
of between 1,500 and 2,000 feet above the mouth of the crater

bright red flame.. .was clearly perceptible."
In the 4 years prior to the present eruptive cycle, strombolian

eruptions of Mount Erebus were instrumentally detected at
rates of about two to six per day but were generally too weak to
be seen at the U.S. and New Zealand bases 37 kilometers from
the volcano. In contrast, many of the recent explosions were
seen and sometimes heard by antarctic personnel in the
McMurdo Sound region. On 17 September, observers on the
sea ice near Hut Point, 37 kilometers from the volcano, saw a
bright glow associated with an explosion that occurred at 10:10
universal time (UT). Seven minutes later a second explosion
hurled glowing bombs 600 meters above the crater, as observed
by another group of people at Butter Point, 70 (!) kilometers
from the volcano. On 16 September "booms" were heard at the
Scott Base ski field and on 26 September at a hut in Windless
Bight.

Explosions were well recorded by the worldwide standard
seismograph (Wwss) at New Zealand's Scott Base, by the radio-
telemetered seismograph network on Erebus Volcano [oper-
ated since 1980 by the International Mount Erebus Seismic
Study Group (IMESs)], and by an array of infrasound detectors at
Windless Bight, 29 kilometers distant (operated by C.R. Wilson
and co-workers). Some of the stronger explosions that occurred
between 13 and 19 September generated surface Rayleigh waves
of sufficient amplitude to excite the Amundsen-Scott South Pole
Station tidal gravimeter (operated by L. Knopoff and co-
workers), 1,400 kilometers from Mount Erebus. These events
had surface wave magnitudes of 2.1 to 2.5. Figure 1 shows daily
event counts from these different instruments.

Much of the ejecta was thrown to the north through a low
saddle in the crater rim, blanketing the outer slope of the vol-
cano with black bombs, some of them steaming as they landed
on the snow. Most of the bombs averaged 2 to 4 meters in length
and landed within the upper 150 meters of the north crater rim.
Occasional bombs reached, but did not damage, the Erebus
summit hut which was built in 1978, 400 meters from the crater
lip. Obviously, we did not attempt to reoccupy this shelter
during the past field season. Instead, a new hut was erected in
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Figure 1. Daily number counts of largest Erebus explosions regis-
tered at the South Pole gravimeter, the Windless Bight infrasonic
array, the worldwide standard seismograph at Scott Base and one
high gain, local seismic station on Mount Erebus (only large events).

November 1984 at a safer distance on the Erebus caldera rim, 1.7
kilometers from the active crater (figure 2).

Analysis of the volcanic glass of the bombs showed the same
chemical composition as was found for bombs ejected prior to
September 1984, indicating that no new melt is involved in the
current activity and that only a physical change of the plumbing
system (cooling and possible choking of the convection cell)
may be responsible for the present activity. Paradoxically, over-
all cooling may have precipitated the apparent increase in erup-
tive activity.

Sulfur dioxide emission rates from the freely convecting lava
lake prior to the present eruptions were last measured with a
correlation spectrometer (cospEc) aboard an LC-130 aircraft in
1983. The rate was 230 ± 60 metric tons per day (Rose, Chuan,
and Kyle 1985). In December 1984, R.B. Symonds, took ground-

Figure 2. New Mount Erebus summit shelter, erected in November
1984, 1.7 kilometers north of the active crater. Note bomb-littered,
black, outer-crater slope. (Photo by J. Kienle, 5 January 1985.)

based CO5PEc measurements of Erebus plumes drifting over-
head near the new hut on the caldera rim and found a much
reduced flux of only 25 ± 10 tons of sulfur dioxide per day
(Symonds, Kyle, and Rose 1985). This observation is consistent
with the idea that the lava lake may be cooling.

The New Zealand Geological Survey reoccupied a dry tilt
station near the summit and interestingly enough found a slight
decrease in slope of the upper flank of the volcano during the
past year (Scott and Otway 1985). This suggests that the topo-
graphic changes associated with the present eruption are small
and that they do not indicate intrusion of magma into the sum-
mit region.

The purpose of the IMESS seismic network is to (1) monitor the
space-time behavior of volcanic earthquakes associated with the
eruptive activities of Mount Erebus and (2) to study regional
earthquakes. Since 1980, the network has grown from three
stations to its present configuration of 10 radio-telemetered
short-period stations. All the data are timed and tape recorded
at Scott Base.

Field operations during the past austral summer (November
1984 to January 1985) included station relocation and mainte-
nance, addition of infrasonic sensors at two Erebus summit
stations to monitor summit explosions at close range, geodetic
surveying of the network, and data playback from magnetic
tapes at McMurdo.

We also set off three large explosions in crevasses on the
upper slopes of the volcano and one near the coast to calibrate
our earthquake location procedure. The artificial explosions can
be treated as if they were microearthquakes with known loca-
tion and origin time, allowing us to make a better estimate of the
velocity structure of the volcano and to assign time corrections
to individual stations for local departures from the average
velocity structure.

Figure 3 shows Ross Island events located in 1984 (sections A
and B) and a comparison of the real locations and the computer
locations of the calibration explosions (figure 3, section C). All
events were located using HYPOELLIPSE (Lahr 1982), an iterative
least-square location procedure. The velocity model we used
assumes a linear veolcity gradient from 1.6 kilometers per sec-
ond at the summit of Mount Erebus to 6.16 kilometers per
second at a depth of 9 kilometers, which in turn is underlain by
a half-space with a velocity of 6.7 kilometers per second.

Figure 3 (sections A and B) shows epicenters of all and best
located events in 1984. As one might expect, one group of
epicenters is strongly concentrated near the present eruption
site. These events are slightly displaced to the north of the crater
which is probably an artifact of our station distribution (the two
new summit stations were not yet operational and did not
contribute arrival times for this data set). The events are all,
shallow and are confined to the summit cone of Mount Erebu
and to a pipe-like conduit that immediately underlies the crater
Many of the events are explosions which occurred in th
crusted-over lava lake.

We have also located a set of earthquakes with much greate
hypocentral depths than the volcanic earthquakes of Moun
Erebus. Depths for these events are fairly evenly distribute
between 0 and 20 kilometers with a mean of about 8 kilometer
suggesting an upper-crustal, tectonic origin. The crust is est -
mated to be about 27 kilometers thick beneath Ross Islan
(W.00llard 1962; Smithson 1972). Even though these events a -
pear to be widely scattered over Ross Island (figure 3, sectio r
A), they define a crude north-south trend that crosscuts t e
island near Terra Nova (between Mount Erebus and Mou t
Terror) and extends northward into the Ross Sea beyond Lew s
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Figure 3. Epicenter maps of 1984 Ross Island seismicity. A. All located events (274 total). Black squares show seismic station locations. B. 140
best-located events (at least 3 stations and 4 phases, root mean square travel time residual less than or equal to 0.6 seconds). C. Actual (large
crosses) and computer-located (small crosses) epicenters of calibration explosions.

Bay. Unfortunately, many of these events are not well located
because they lie outside the island-based seismic network. The
better located events are shown in the more restricted data set
shown in figure 3 (section B).

Figure 3 (section C) is a comparison of actual and computer-
located epicenters of four artificial explosions; this gives an idea
of the epicentral error introduced by our location procedure,
principally due to the lack of a well-defined velocity structure. It
is gratifying to see that our program does locate these artificial
events rather well.

In summary, the excellent station coverage achieved during
the past field season, and the setting off of calibration explo-
sions have greatly improved our ability to accurately locate
earthquakes at Mount Erebus. In addition, we now have the
first evidence that small magnitude tectonic earthquakes do
occur in the vicinity of Ross Island.

This research was supported by National Science Foundation
grants DPP 83-00185 (to J. Kienle), DPP 80-21402, and DPP 82-18493
(to P.R. Kyle). The Japanese contribution to the IMESS study in
1984 - 1985 is discussed separately by Kaminuma, Shibuya, and
Niida, Antarctic Journal, this issue. Special thanks go to winter
personnel Jeremy Ireland and Brian Lawson of Scott Base for
maintaining the recording system throughout the year, to Kay
Driscoll and Bruce McKibben of the University of Alaska who
helped with station installation and servicing, and data logging,
to Bill McIntosh and crew of the New Mexico Institute of Mining
and Technology (NMIMT) and ITT support staff who built the new
Erebus summit hut, and to Ted Eggleston, also of NMIMT, who
helped us with ice drilling and loading of shot holes and cre-
vasses. We are grateful to Vince Beigrave and Graham Blick of
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New Zealand's Department of Scientific and Industrial Re-
search, Department of Lands and Survey, for their geodetic
survey of the seismic network and shot points, and also to Ian
Whillans, John Bolzan, and Henry Brecher for the loan of their
Magnavox Geoceivers. Finally, we would like to thank Joe
Habberstad of the U.S. Navy for supervising the placement of
the explosives and the VXE-6 helicopter crew for expert logistic
support.
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Continuous seismic observations have been carried out since
December 1980 by a cooperative International Mount Erebus
Seismic Study (IMEss) which includes Japan, the United States,
and New Zealand (Takanami et al. 1983; Kienle et al. 1982). We
three Japanese scientists participating in the IMESS visited
McMurdo Station during the 1984 - 1985 austral summer. We
conducted a series of scientific research programs during our
tenure at McMurdo Station from 11 November 1984 to 15 Janu-
ary 1985.

Earthquakes and eruptions. New volcanic activities of Mount
Erebus commenced on 13 September 1984 (Kienle et al., Ant-
arctic Journal, this issue). A number of large explosions were
recorded by the IMESS network seismic stations on Ross Island.
The numbers of earthquakes recorded daily at Hoopers Shoul-
der station and the numbers of large eruptions counted daily at
Hoopers Shoulder and/or Scott Base are shown in figure 1.

In the middle of September, the seismic stations were not
transmitting seismic signals to Scott Base continuously because
there was not enough sunlight to the solar panels during the
austral winter to charge the batteries, therefore we estimated
the number of earthquakes per day in September from partial
observations. The exact number of earthquakes for the days
indicated with an arrow at the top of the column was probably
greater numbers than those shown in figure 1.

The number of earthquakes per day decreased very rapidly
by the end of September. From 50 to 100 events per day were
recorded in October and November.

From 5 to 19 large explosions were clearly recorded at Scott
Base each day from 13 to 24 September. The explosions in-
creased from 25 to 29 September (12 to 31 per day). About 20
explosions per day on average occurred in October and 15 per
day in November. A new type of eruption which can be suitably
called a gas-jetting eruption, commenced on 3 December, and
the large eruptions began to cease at the same time.

fl------D&ily ,,o,,b& 01 earthquakes counted at Hooper Shoulder

5	 0 ------Doily ,oe,be, 01 large eruptions ,000,d.d at Hoopeoo Shoulder  ,ed/o, Scott Base

September	 October	 November
1964

Figure 1. Daily number of earthquakes counted at the Hoopers
Shoulder station (shown with columns) and daily number of large
eruptions recorded at the Hoopers Shoulder station and/or Scott
Base.

Seismicity. The seismic activity observed on and around
Mount Erebus is summarized from the IMESS observation rec-
ords in 1980 - 1984 as follows: (1) volcanic earthquakes were
detected at a rate of 20 to 160 events per day; (2) the earthquakes
were distributed over a wide area around Mount Erebus; and
(3) some earthquake swarms with more than several hundred
events per day occurred on the flanks of Mount Erebus and
continued for several days after initiation.

The epicentral distribution of earthquakes is shown in the
upper part of figure 2, and the focal depth distributions are
projected onto a vertical northeast-southwest section across
Ross Island in the lower part of figure 2. These results cover a 2-
year IMESS observation period from 16 February 1982 to 11 Feb-
ruary 1984. About 230 earthquakes are depicted in figure 2; the
epicenter locations for these earthquakes were determined with
horizontal and vertical errors less than 3 kilometers. An
aseismic zone located in the southwest area of the summit
(figure 2) is apparent as a zone of very few earthquakes. This
aseismic zone has also been reported by Shibuya et al. (1983),
Ueki et al. (1984), and Kaminuma et al. (in press). The aseismic
zone might be associated with the existence of a magma reser-
voir supplying fresh magma to the lava lake at the Erebus
summit.

Explosion seismic measurements. To reveal the structure of the
Erebus volcano, especially to confirm the existence of the mag-
ma reservoir, explosion seismic measurements were carried out
in December 1984. In addition to the 10 telemetry seismic sta-
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