
Survey 1:250,000 scale maps. Laboratory work in progress in-
cludes argon-40/argon-39 dating and petrographic, geochem-
ical, and isotopic analysis of lavas and pyroclastic rocks from
these volcanoes. These data are expected to help constrain the
volcanic and tectonic history of Marie Byrd Land. Analysis of
xenoliths will help determine the nature of crust and mantle
beneath West Antarctica.

This work was supported by National Science Foundation
grant DPP 88-16342. We greatly appreciated the LC-130 trans-
portation provided by VXE-6. Bill Atkinson (New Zealand Ant-
arctic Research Program) and Chris Griffiths (British Antarctic
Survey) assisted in the field. Philip Kyle has played a major
role in the conception and development of the WAVE project.
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Mount Erebus, on Ross Island, Antarctica, is a large (3,794-
meter), active volcano, which contains a convecting anortho-
clase phonolite lava lake. From 1972 to 1984, Mount Erebus
had two to six small strombolian eruptions per day, some of
which ejected bombs onto the crater rim. Since 1985, eruptive
activity has been quiet, and although bombs are erupted, few
reach the crater rim. The bombs contain unusually large an-
orthoclase feldspar crystals (up to 9 centimeters in length), as
well as smaller crystals of clinopyroxene, olivine, magnetite,
pyrrhotite, and apatite (Kyle 1977). The anorthoclase feldspar
crystals contain abundant melt inclusions, which are trapped
during crystal growth due to irregularities on the crystal sur-
face. Because melt inclusions quench rapidly and do not degas
during volcanic eruption, they can be used as indicators of the
volatile composition of a magma at the time of crystal growth
(Roedder 1984). Usually, volatiles are lost by degassing during
eruptions and magmatic convection in the lava lake, and there
is no direct method to determine the pre-eruptive volatile com-
position of the magma. By comparing the volatile contents of
melt inclusions and degassed magma (matrix glass), it is pos-
sible to assess changes in magma composition, particularly
volatile loss, during the volcanic eruption.

Melt inclusions in Erebus anorthoclase phenocrysts are large
and abundant (figure 1), representing up to 30 percent of crys-
tal volume. There are two end-member types of melt inclu-
sions, some large (up to 1,000 microns) and irregularly shaped
and others smaller (up to 100 microns) and rectangular. Small

bubbles, probably caused by differential shrinkage of glass and
crystal during quenching, are found in most melt inclusions,
and appear to be more abundant in the irregular inclusions.
Clinopyroxene phenocrysts also contain melt inclusions, al-
though these are not as abundant and large as those in feld-
spar.

Chemical analysis of melt inclusions is difficult due to their
small size. We have analyzed the major elements as well as
chlorine and sulfur contents of inclusions by electron micro-
probe, and water, fluorine, and a suite of trace elements by
ion microprobe. Both of these analytical techniques allow anal-
ysis of a 20-micron spot. Major, trace, and volatile element
analyses were also made of host feldspar and pyroxene phen-
ocrysts. Results are given in the table. There does not appear

'a

Figure 1. Reflected light photomicrograph of melt inclusions in
anorthoclase feldspar from Mount Erebus, Antarctica. Two end-
member types of melt inclusions are apparent—those which are
large and irregular, whereas the others are small and rectangular.
The field of view is approximately 2 millimeters.
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to be any significant progression of melt-inclusion composition
of phenocrysts from core to rim nor is there any systematic
difference between the composition of large and small melt
inclusions. Melt-inclusion compositions from feldspar and py-
roxene are identical, within analytical error. Apparently, there
are measureable differences between the phosphorus and bo-
ron contents of melt inclusions and matrix glass.

The similarity of major and most trace element compositions
between melt inclusions and matrix glass suggests that the
melt remained compositionally homogeneous during crystal
growth, and the melt inclusions represent true magmatic com-
position. An anomalous feature of the Mount Erebus magmatic
system, however, is that the volatile contents from melt inclu-
sions and degassed matrix glass are virtually identical (figure
2) (for other systems, see Devine et al. 1984). The Mount Erebus
magma degasses continuously, and outputs of volcanic sulfur,
chlorine, and fluorine totalling several hundred tons per day
have been measured (Meeker et al. 1989). Water and carbon
dioxide are likely to be emitted as well, yet the similarity of
volatile contents between the matrix glass and melt inclusions
suggests that no significant gas is being lost between crystal-
lization and eruption. This may be because melt inclusions

trapped magma which is not representative of bulk magma or
because the melt inclusions could have degassed after entrap-
ment. These explanations, however, are unlikely: the first be-
cause of the strong similarity between major and trace elements
of melt inclusions and matrix glass and the second because of
the low bubble-to-glass ratio in the inclusions. The most plau-
sible explanation is that the anorthoclase feldspar and clino-
pyroxene phenocrysts grew under near-surface conditions,
thereby trapping degassed magma. The solubility of volatile
components in a given magma is a direct function of pressure,
and as pressure decreases, the volatile component will exsolve
from the melt (Burnham 1979). Crystallization, therefore, may
have occurred at shallow depths in the magmatic system, but
due to the uncertainty in water solubility in phonolitic mag-
mas, the exact depth is difficult to estimate (probably less than
500 meters, estimated following Burnham 1975, 1979). De-
gassing of water from the magma during ascent will cause
polymerization of the magma and may trigger rapid, low-pres-
sure crystallization of anorthoclase feldspar.

This work was funded by National Science Foundation grant
DPP 87-16319. The electron microprobe used in this study was
purchased with the aid of National Science Foundation grant

Average major, volatile, and trace element abundances of melt inclusions, matrix glass, and phenocrysts from anorthoclase phonolite
bombs from Mount Erebus.

NOTE: Major elements, chlorine, and sulfur were analyzed by electron microprobe, all other analyses are made by ion microprobe. Errors of
determination for electron microprobe analyses are as follows, based on counting statistics: silicon dioxide ± 1 percent; aluminum oxide ± 1 percent;
titanium dioxide ±3 percent; ferrous oxide ±2 percent; magnesium oxide ± 15 percent; calcium oxide ± 10 percent; sodium oxide ± 1 percent;
potassium oxide ± 1 percent. Errors for chlorine and sulfur, based on replicate analyses of a standard are both around ± 100 parts per million. Ion
microprobe errors are ±0.1 weight percent of water, and ±15 percent for fluorine and other trace elements. Number of analyses range between 1
and 10 for each mean value shown. Dashes denote not measured.

Melt inclusions
Feldspar

Major elements (in weight percent)
Silicon dioxide	 54.8
Aluminum oxide	 20.5
Titanium dioxide	 1.0
Ferrous oxide	 5.2
Magnesium oxide	 0.8
Calcium oxide	 2.0
Sodium oxide	 9.4
Potassium oxide	 5.7
Volatile elements (in weight percent)
Water	 0.2 (0.02)
Fluorine	 0.27 (0.04)
Sulfur	 0.065 (0.008)
Chlorine	 0.17 (0.014)
Trace elements (in parts per million)
Lithium	 45 (13)
Boron	 32 (7)
Phosphorus	 1,940 (250)
Rubidium	 145 (18)
Yttrium	 66	(4)
Strontium	 199 (73)
Zirconium	 1,572 (122)
Niobium	 396 (31)
Barium	 485 (152)
Cerium	 287 (20)
Thorium	 29 (6)
n (electron probe)
n (ion probe)

a Major element analysis from Kyle (1977).
b Not applicable.

Phenocrysts
Matrix glass	 Feldspar a	Pyroxene

55.0	 62.9	 49.7
20.2	 23.0	 3.3

1.0	 0.1	 1.5
5.6	 0.2	 9.2
0.9	 1.0
1.9	 2.8	 22.4
9.5	 7.5	 1.0
5.5	 3.8	 0.0

0.1 (0.08)	 0
0.30 (0.02)	 -	 0.06

0.18(0.01)	 0

35	(1)	 1	(1)
16	(4)	 15	(6)

	

1,963 (280)	 140 (19)

	

163 (15)	 18	(3)
51	(5)	 1	(1)

	

219 (14)	 2,242 (77)

	

1,335 (39)	 3	(2)

	

379 (27)	 1	(1)
536	(4)	 2,688 (213)

	

299 (26)	 29 (4)
26	(6)	 2	(1)

5
nab

Pyroxene

54.5
20.4

1.0
5.6
0.9
2.1
9.6
5.4

0.1	(0.05)
0.29 (0.05)
0.053 (0.07)
0.18 (0.015)

36	(3)
15	(2)

1,371 (122)
142 (11)
60	(9)

182 (25)
1,607 (150)

372 (22)
480 (36)
320 (57)

23	(8)
8
4

ANTARCTIC JOURNAL



0.4

0.35
U,

0.3
0)

.?< 0.25L
0.2

•	0.15

0.1

0.05

0
0	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4

Wt. % in melt inclusions
Figure 2. Diagram showing the mean water (1-120), fluorine (F),
chlorine (C), and sulfur (S) contents of melt inclusions (Ml) in feld-
spar and pyroxene vs. matrix glass, as analyzed by electron and
ion microprobe. Errors are ± 0.1 weight percent (Wt. %), ± 0.045
weight percent, ± 0.01 weight percent, and ± 0.01 weight percent
for water, fluorine, chlorine, and sulfur, respectively. The volatile
contents of the melt inclusions are similar to that of matrix glass.
A one-to-one correlation line is drawn. Note that only water deviates
from the one-to-one line, but not significantly due to the large an-
alytical error.

EAR-8408163 (to P. Busek). Ion microprobe analyses were made
at the Arizona State University facility, and we would like to
thank R.L. Hervig for his invaluable advice and guidance.
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Mount Erebus, Ross Island, is a 3,794-meter-high, active
volcano which contains a permanent, active convecting lava
lake of anorthoclase phonolite magma. The lake was discov-

ered in 1972 and has varied in size and position within the
summit crater. Apart from a brief period in late 1984 when the
lake was buried by ejecta from an extended period of large
frequent strombolian eruptions, the lake has been a site of
continuous degassing. The emitted volcanic gases result in a
distinct plume which is dispersed over the southern Ross Sea
and Ross Ice Shelf. Since December 1983, we have measured
the sulfur dioxide emission rates from the summit crater of
Mount Erebus to monitor the activity and to give an estimate
of the contribution of Erebus to the pristine antarctic environ-
ment. To complement these measurements, we estimated
emission rates of other aerosols and gases in December 1986.
Here, we report on these measurements; further details of
results, analytical techniques, and discussion are given in Meeker
(1988).

Correlation spectrometer (COSPEC V) measurements of sul-
fur dioxide emissions were made using standard stationary,
ground-based, hand-held scans of a tripod mounted COSPEC
(Stoiber, Malinconico, and Williams 1983). In December 1986,
we collected nine sets of treated filters in the volcanic gas
plume on the crater rim of Mount Erebus. A 110-millimeter
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