
ities to previous measurements. Ozone depletion was caused
by a sink between 12 and 20 kilometers. Primary depletion
was episodic and occurred in periods of fewer than 10 days.
Measurements at the edge of the vortex displayed the ozone
layering observed in 1986 and 1987 and suggest the exchange
of ozone rich and poor air across the vortex wall in the 12-20-
kilometer layer. Outside the vortex, vertical profiles displayed
a region of high ozone and constant temperature above 20
kilometers.

Measurements of sulfate layer aerosol again indicated no
upward motion within the vortex during ozone depletion.
Measurements of condensation nuclei were made on 26 Au-
gust and 5 September. On 26 August, ozone depletion had
not begun and the condensation nuclei profile was normal,
although there was an indication of the beginning of an en-
hanced layer at 26 kilometers. By 5 September, this enhanced
layer was well established. It existed just above the layer of
ozone depletion which was then most severe in the 20-22-
kilometer layer. The condensation nuclei layer was observed
to persist through the final measurements on 25 October just
above the region of ozone depletion. On one flight in early
September with the aerosol counter designed to sample larger
particles, layers of ozone depletion were found to be correlated
with layers of enhanced aerosol concentration for aerosol with
radii greater than or equal to 0.2 micrometer (Hofmann 1989).
Although there were also layers of enhanced aerosol for aerosol
greater than or equal to 1.0 micrometer, the surface area dis-
tribution was dominated by the smaller particle mode, radii

greater than or equal to 0.2 micrometer. These observations
are consistent with the idea that heterogeneous chemistry is
a controlling factor in ozone depletion.

D.J. Hofmann, J.V. Hereford, and S. Gabriel were at McMurdo
from 24 August to 14 November and T. Deshler from 3 October
to 14 November. This work was supported by National Science
Foundation grant DPP 87-15913.
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Do gold, chromium oxide,
and carbon-containing particles

provide tracers of
Mount Erebus emissions?

RAYMOND CHUAN and JULIE M. PALAIS

Glacier Research Group
University of New Hampshire

Durham, New Hampshire 03824

Since 1983, a largeaerosolparticle* sampling program has
been in operation during the austral summer in the vicinity of
Mount Erebus, Ross Island, Antarctica, in an attempt to assess
the effects of the emissions from Mount Erebus on the com-
position of the atmosphere and the ice. Chuan et al. (1986)
characterized many types of aerosol particles collected both in
the plume of Mount Erebus and in the ambient atmosphere
between Mount Erebus and the South Pole. Many of these
particles have also been seen in the emissions from other vol-

* The term "large" aerosol particles is taken in the atmospheric aerosol
sense, meaning they are 1 to 100 microns in size, whereas in the
volcanological sense these would be considered "fine" particles (see
for example Rose, Chuan, and Woods 1982).

canoes (Chuan, Rose, and Woods 1987; Woods and Chuan,
1988). To use volcanic particles as tracers of the emissions of
Mount Erebus, it is necessary to find particles that are peculiar
to Mount Erebus.

Chemically, Mount Erebus is known to be rich in fluorine
and chlorine. These do not, however, provide good particle
tracers because they appear either as gaseous compounds or
as soluble salts which apparently do not survive very far from
the source, because they have been found only in the imme-
diate vicinity of the summit. Therefore, we must seek materials
that are not necessarily abundant but are distinctive of the
Mount Erebus emissions. After reviewing aerosol samples col-
lected since 1986 at the summit of Mount Erebus, in the snow
near the volcano and in the ambient atmosphere, we have
identified the particles described here, which we believe are
characteristic of the Mount Erebus emissions.

Crystalline particles of elemental gold. We believe that these
particles form in some vapor-phase reactions in the plume
leaving Mount Erebus, with subsequent quenching of the va-
pors and nucleation into 10-micrometer size crystals (Meeker,
Kyle, and Chuan 1987). These gold particles are numerous
enough to be readily discernible in the analysis by scanning
electron microscopy (figure, block A), and energy-dispersive
X-ray measurements. Both the morphology and the elemental
X-ray spectrum of gold are quite distinctive so that the iden-
tification of the crystalline elemental gold is quite easy. To our
knowledge, such gold particles have not been reported from
other volcanoes.

Chromium-oxide particles. These are very small amorphous
particles with a distinctive surface texture. While metal oxides
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A. Aggregated gold crystals collected in the ambient atmosphere between McMurdo and South Pole. The aggregate measures about 12
micrometers across, but the individual columnar crystals are about 0.25 by 5 micrometers. B. Chromium-oxide particle collected in ambient
atmosphere between McMurdo and South Pole. The long dimension is about 4 micrometers, although the individual nodules are only about
0.15 micrometer. C. Carbon-containing particle collected in snow on the Terra Nova Saddle near Mount Erebus. Particle is composed of a
low-density mass of irregular plates and spheres several microns across. D. X-ray spectra of particle mass in C showing the prominence
of carbon (C), oxygen (0) and chlorine (Cl), with very minor amounts of aluminum (Al), silicon (Si) and sulfur (S). The silver (Ag) is used
to coat the sample to make it conductive. (keV denotes kiloelectronvolt.)

are not uncommon among small volcanic particles [e.g., cop-
per, zinc, and iron oxides have been reported from other vol-
canic emissions (Rose et al. 1982)], we consistently find
chromium-oxide particles in the Mount Erebus plume as well
as in the snow and in the ambient atmosphere near the vol-
cano. These particles are typically quite small, from sub-micron
to a few microns; their morphology is platelet with nodules
on the surface, as seen in the figure (block B).

Carbon-containing particles. These are particles with a variety
of morphologies which are often aggregates of smaller parti-
cles, as seen in the figure (block Q. Their chemical composition
is not yet well defined, although we do find from repeated X-
ray analysis that there are strong components of both carbon
and oxygen (see figure, block D), typical of a carbonate. If
these particles are some sort of carbonate, it is not clear from

either the X-ray spectra or the particle morphology what the
associated cation might he, since none is seen in the X-ray
spectra. Although we believe that this carbon-containing ma-
terial has its source at Mount Erebus, until we are better able
to determine its exact composition, we cannot preclude other
sources. Further sample collections at the crater rim should
help to determine whether or not the volcano is really the
source of this material.

The recognition of these three types of particles as being
derived from Mount Erebus will help in our eventual goal to
assess the geographical extent of the transport of Mount Erebus
emissions over the antarctic continent.

We gratefully acknowledge the excellent support provided
to us by the men and women of VXE-6. This work was sup-
ported by National Science Foundation grant DPP 87-04319.
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Elemental tracers
of volcanic emissions

in antarctic aerosol
and snow samples

JULIE M. PALAIS and BYARD W. MosIIEI

Glacier Research Group
University of New Ha in ps/nrc

Durham, New Hampshire 03824

Studies of atmospheric aerosol composition in remote re-
gions of the world have revealed that there are certain volatile
trace elements which are enriched with respect to their com-
position in average crust or marine sources. Because of its
geographical isolation and remoteness from the major sources
of anthropogenic emissions, Antarctica provides an excellent
location for studying the natural sources of the atmospheric
aerosol. Volcanoes are usually implicated as the major natural
source for the enriched elements in remote atmospheric aero-
sol.

Mount Erebus, the world's southernmost active volcano, is
the principal source of volcanic emissions to the antarctic at-
mosphere. Recent work at the volcano suggests that it may be
a more important source of aerosols to the antarctic atmosphere
than heretofore assumed (Chuan et al. 1986).

Preliminary examination of plume aerosol data from Mount
Erebus and other volcanoes around the world suggests that
volcanoes of different composition can be distinguished on the
basis of certain elemental ratios in their plumes (see figure).
We are attempting to establish whether a trace elemental sig-
nature characteristic of Mount Erebus can be identified to help
determine whether the volcano is an important source of trace
elements and other impurities to the antarctic atmosphere.
Comparison of the elemental ratios in Erebus plume samples
and snow samples collected near the volcano will allow us to
determine whether snow samples provide good surrogates for
aerosol measurements.

The elemental signature of Mount Erebus will he determined
by examining the elemental ratios of the trace elements arsenic,
indium, antimony, and zinc to selenium in aerosol and snow
samples and treating the data with a variety of statistical meth-
ods so that each sample can be apportioned among the various
possible aerosol sources that may have contributed to it.

During the 1988-1989 antarctic field season, snow samples
were collected at a variety of sites in pre-cleaned, acid-washed

1-liter polyethylene bottles. Eight sites were studied to examine
the spatial variability of trace elements in surface snow sam-
ples. The locations of sampling sites were chosen to be rep-
resentative of different source regimes (e.g., marine, volcanic,
pollution) to characterize "near-source" trace-element concen-
trations in snow.

To eliminate possible seasonal variations in trace-element
concentrations at any one site, we tried to integrate 1 year's
accumulation in each sample. Because some of the sampling

Group I

As/Se	in/Se	Sb/Se	Zn/Se

a
	

Ratio

Group II
144 95

As/Se	in/Se	Sb/Se	Zn/Se

b	 Ratio

Ratios of trace elements in plume aerosol samples from active
volcanoes. (As denotes arsenic. Se denotes selenium. In denotes
indium. Sb denotes denotes antimony. Zn denotes zinc.)
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