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U. S. Antarctic Research Program, 1982-1983

Between 28 December 1982 and 7 March 1983, a U.S. ship, the
U.S. Coast Guard icebreaker Polar Star, circumnavigated Ant-
arctica. The circumnavigation began at Palmer Station, Anvers
Island, when the icebreaker delivered supplies and personnel.
The next stop was McMurdo Station where it opened a channel
in McMurdo Sound ice for resupply ships, escorted a ship into
McMurdo Sound, and picked up a Department of State team of
observers and five groups of scientists. Polar Star completed the
westward circumnavigation when it returned to Palmer Station.

The Polar Star completed the westward circumnavigation
when it returned to Palmer Station.

The Polar Star cruise was one part of U.S. activities in Ant-
arctica during the 1982-1983 austral summer. More than 1,500
Americans participated. Two hundred and sixty-nine scientists
(including 35 researchers from 13 foreign countries) conducted
84 projects; 1,074 U.S. Navy and other military personnel (in-
cluding ships' personnel) and 222 employees of a contractor
(ITT/Antarctic Services, Inc.) provided support and logistics.
The program encompasses more than field research, support,
and logistics in Antarctica. It also includes research at U.S.
laboratories, maintenance of curatorial facilities that provide
scientists with specimens for analysis, and preparation of
maps, bibliographies, and other publications.

This issue of the Antarctic Journal of the United States contains
159 papers contributed by principal investigators and project
managers. Of these papers 145 discuss field work during the
1982-1983 season and the 1982 winter including preliminary
analyses of data and studies of data acquired earlier. Fourteen
papers describe logistics and support in Antarctica, support in
the United States, and related projects. The assistance of the
many contributors who have helped make this volume a de-
tailed record of progress in 1982 and 1983 is gratefully
acknowledged.

Biology

From January until March 1983, the scientists abroad Polar
Star studied ecosystems in and near the ice edge, along the east
antarctic coast, in or close to the antarctic divergence zone, and
in the East Wind Drift. Biologists, counting the seals and whales
in the pack ice from helicopters and the icebreaker, confirmed
that crabeater seals dominated the seal population; the other
major species were Weddell, leopard, and Ross seals. Minke
whales made up about 80 percent of the observed whale popu-
lation. For 41 days, ornithologists counted seabirds between
Palmer and McMurdo stations. They found that Adélie pen-
guins, snow petrels, and arctic terns were numerous in areas
with substantial ice cover (30- to 80-percent) and were evenly
distributed around the continent. Near the ice edge in areas
with 30- to 60-percent ice cover, the number of all birds in-
creased significantly. In open water 10 to 30 kilometers north of
the ice pack, where the water is warmer and more saline than at
the ice edge, subantarctic birds were more abundant than ant-
arctic species.

Other biologists aboard the Polar Star took phytoplankton
samples at 42 stations between 159°E and 56°W and found large
blooms concentrated in three areas: (1) in continental shelf
waters at about 92°E, (2) near Australia's Davis Station (77°9'E),
and (3) in the Weddell Sea. In shelf waters of the Weddell Sea
and near the South Orkney Islands phytoplankton biomass was
high in the photic zone; in water over 1,000 meters deep it was
much lower. From these data and the mammal and bird counts,
more was learned about the dynamics of the food web and the
relationship between the ocean's physical characteristics and its
biological productivity.

Near McMurdo Station biologists used a specially built micro-
computer to measure changes in heart rate during several deep
dives by Weddell Seals including a 52-minute, 486-meter dive;
the computer also controlled the taking of 40 in situ arterial
blood samples during dives up to 350 meters deep. With each
submersion they measured the slowing of the seal's heart rate.
Results from previous field and laboratory studies of Weddell
seals have suggested that during deep dives certain organs and
tissues constrict and reduce the blood flow and that the seal's
heart rate slows markedly during diving. Although biologists
have measured time and depth throughout long dives, until
now the instruments available for studying free-diving seals
measured heart-rate changes only during the first few minutes
of a dive. The new microcomputer, which is attached to the seal,
was designed to withstand seawater pressure at 500 meters (750
pounds per square inch or 50 atmospheres) and rapid changes
in temperature. With this equipment the researchers can collect
data on the physical changes that seals undergo during deep
dives. The researchers obtained data from four seals.

In ice-free areas along the Antarctic Peninsula biologists stud-
ied how weather and disturbances by animals or humans may
adversely affect the region's terrestrial plant communities. At
571 plots (particularly those near Palmer Station), they studied
the plant taxa of about 50 communities and measured air and
soil temperature, relative humidity, soil moisture, incoming
and net radiation, precipitation, evaporation, and wind speed
and direction. Their data may help quantify why colonization
and recovery after disturbances appear to be slow, especially for
habitats with adverse environments. For example, their study
may reveal how the cold retards decomposition of dead plants
recolonization and community growth.

Earth sciences

On 8 and 9 October 1982 a seismic station near Abbott Peak on
Ross Island's 3,794-meter volcano Mount Erebus recorded over
680 earthquakes followed 1 hour later by volcanic tremors; over
the last 2 years an average of 5 to 10 earthquakes per month were
recorded in this area. Although the largest earthquake had a
magnitude of about 2.0 on the Richter scale, geophysicists
found no lava flows or other external signs of an eruption. The
Abbott Peak station, 10 miles north-northeast of the volcano's
summit, is part of a seismic network established and main-
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tamed by U.S., New Zealand, and Japanese geophysicists to
obtain a long-term record of seismic activity on Mount Erebus.
Although data analysis has not been completed, the scientists
have suggested two possible causes of the quakes. One theory
is that the earthquakes were caused by magma moving from the
lower part of the Earth's crust to the volcano's magma reservoir,
which is ito 5 kilometers under its summit. The second theory
holds that magma forced itself into a crack and spread out to
form an armlike dike. The data show that the epicenter of the
earthquakes was halfway between Mount Bird (77°17'S
166°43'E) and Mount Erebus. In 1908 members of Shackelton's
1907-1909 expedition recorded hydrothermal activity in this
area. Such activity has not been observed since then, but the
geophysicists suggest that the earthquakes may be related to
renewed activity and magma movement. If this magma reaches
the surface, a parasitic volcanic vent, which is rare on Mount
Erebus, may form.

A 1983 discovery has raised new questions about past fluctua-
tions of the east antarctic ice sheet and may change the scientific
understanding glacial history of Antarctica. While checking for
microfossils in glacial drift samples collected 15 years earlier, a
paleontologist discovered that the samples, which are from
sites 2,500 meters above sea level in the Transantarctic Moun-
tains, contain marine microfossils between 2 and 70 million
years old. The geologists theorize that a thick ice sheet from
marine basins (presently buried beneath the east antarctic ice
sheet) may have overridden and then retreated from the Trans-
antarctic Mountains, leaving the marine sediments behind. The
fossils provide new data on these previously unknown marine
basins in East Antarctica and on global climate and sea-level
fluctuations over the last 65 million years.

Glaciology

At the South Pole a new electromechanical drill, designed for
continuous coring in firn and ice down to 600 meters, was used
to collect ice cores with a 10.2-centimeter diameter in lengths of
70 to 150 centimeters. A depth of 237 meters was reached.

Near the drilling site glaciologists excavated and used a
trench to process the cores. Before packing the cores for ship-
ment, they recorded the visual stratigraphy (breaks, melt
layers, varying optical transparency) on graph paper and with a
video camera. They also cut the cores and measured the acidity
of the ice by recording electrical conductivity. They found that
acidity was higher at the beginning of a long-lasting snowfall, in
the summer, and after volcanic eruptions. Although the elec-
trical conductivity signal of seasonal variations was small, the
signals from large volcanic eruptions were clearly visible. Be-
sides these field studies, microparticle concentrations, con-
ductivity, and carbon dioxide and radioisotope concentrations
are being studied at laboratories in the United States and
Switzerland.

Ocean sciences

Ice shelves control the size of the west antarctic ice sheet; a
significant factor in their stability is basal melting, which is
controlled by the amount of heat in ocean currents arriving
from the north. To understand the extent of melting and its
impact on the stability of the ice shelves, oceanographers began
measuring the heat flux across the Ross Sea continental shelf
and under the Ross Ice Shelf during the 1982-1983 austral sum-
mer. Working aboard the U.S. Coast Guard icebreaker Glacier,

ocean scientists collected data and deployed devices, which are
equipped to measure current speed and direction, temperature,
conductivity, and pressure, between Ross Island and 156°W
during a cruise several kilometers north of the edge of the Ross
Ice Shelf. Other members of this project worked on the sea ice in
McMurdo Sound. Through holes made in the ice, they de-
ployed conductivity-temperature depth (CTD) instruments
east to west across the sound starting at Cape Royds, south to
north from the Ross Ice Shelf to the ice edge at 77°40'S, and near
the Erebus Glacier Tongue and the Ross Ice Shelf. They also
measured salinity, currents at two sites for a month, and the
formation of underwater ice near Hut Point Peninsula.

During Glacier's cruise participants noted that the edge of the
Ross Ice Shelf between Ross Island and King Edward VII Land
has moved north of the position plotted in 1966. Supported by
satellite data, these observations show that over the last decade
or two the rate at which the ice shelf has moved north has not
been balanced by calving and melting.

Atmospheric sciences

At the South Pole astronomers acquired over 600 hours of
solar data with a telescope specially designed to detect changes
in brightness caused by oscillations at the Sun's surface. The Sun
has a spectrum of natural mechanical resonances, and, like a
musical instrument, the star's structure and geometry are
coded in these resonances. By resolving these, scientists are
able to measure some of the Sun's global physical properties.
Because the Sun's spectrum of mechanical vibrations is dense
and complex, long observation periods are required. The south
polar site makes possible the necessary continuous, multiday
observations. The longest data set acquired during the
1982-1983 austral summer was 115 hours. This set, combined
with the other data sets gathered during the austral summer,
will provide a unique opportunity to learn more about solar
physical properties.

1982-1983 austral summer operations and support

Between August 1982 and April 1983, land-based research
was conducted at the four U.S. stations (McMurdo, Amundsen-
Scott South Pole, Siple, and Palmer), from smaller field camps,
and at stations of other nations. Marine research was conducted
from the Foundation's research ship Hero and the Coast Guard
icebreakers Polar Star and Glacier.

Between 24 and 27 August 1982, three NSF ski-equipped
Hercules airplanes (LC-130s) made seven 16-hour flights be-
tween Christchurch, New Zealand, and McMurdo Station to
end the winter's isolation that had begun the previous February.
These flights brought 204 support personnel, adding to
McMurdo Station's 89 wintering personnel, to begin early sea-
son projects and prepare for the austral summer. Although the
major deployment of scientific and support personnel was
scheduled to begin on 4 October 1982, an accident that required
immediate evacuation of a member of the Naval Support Force
Antarctica brought the first U.S. Air Force C-141 airplane to
McMurdo Station 6 days early. Eighteen flights by U.S. Military
Airlift Command C-141 wheeled airplanes and 13 flights by
Royal New Zealand Air Force C-130 airplanes augmented NSF
ski-equipped LC-130 flights in transporting personnel and pri-
ority equipment between Christchurch and McMurdo Station's
sea-ice runway until 17 December, when LC-130 operations
shifted to the Williams Field skiway on the Ross Ice Shelf.
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In addition to the 257.6 hours flown for the winter-fly-in,
Navy pilots and crews flew six LC-130 airplanes 3,365.1 hours to
bring personnel and equipment to U.S. stations and support
science in remote areas between October 1982 and February
1983. They flew seven UH-1N helicopters 1,353.6 hours to sup-
port science near McMurdo Station. During the austral summer
these airplanes and helicopters transported 4,716 passengers,
3.6 million pounds of cargo, and 433,681 gallons of fuel
products.

Other Navy logistics included operation of a cargo ship
(USNS Southern Cross) and a tanker (USNS Maumee), which
resupplied McMurdo Station in January. To avoid expensive
shipment of cargo by air, the Southern Cross made two trips to
McMurdo Station instead of the usual one. During its first trip
the ship went directly from Port Hueneme, California, to
McMurdo Station. The second visit to McMurdo was made after
loading cargo prepositioned at Lyttleton, New Zealand.

In addition to the Polar Star the U.S. Coast Guard operated the
icebreaker Glacier; each icebreaker is equipped with two heli-
copters. Glacier, which arrived at McMurdo Station on 22 Janu-
ary, remained in the Ross Sea area to conduct four science
cruises, tend the McMurdo Sound channel, and assist the cargo
ships during late January and February. Before departing for
Lyttleton, New Zealand, the icebreaker towed what remained
of the McMurdo ice wharf outto sea to make way for con-
struction of a new wharf.

During the austral summer 113 science personnel conducted
research at and near McMurdo Station; 61 other scientists tran-
sited through McMurdo Station to remote sites or to board one
of the icebreakers. Members of the Naval Support Force Ant-
arctica (NSFA) operated some facilities at McMurdo Station,
provided health services and long-range communications, and
planned and coordinated Navy and Coast Guard logistics. In
addition to support by military personnel, 151 government and
contractor (ITT/Antarctic Services, Inc., or ANS) employees
were based at McMurdo and coordinated or supported research
there and at inland stations. At McMurdo Station ANS em-
ployees managed the scientific laboratories, upgraded the
McMurdo laundry facility, and improved the station's power
plant and electrical distribution system. ANS employees began
operating the station's telephone exchange and assumed re-
sponsibility for the emergency standby power generators. Be-
sides routine maintenance to the Williams Field skiway and
snow road, construction crews built a 2.5-meter-high, 50,000-
square-meter snow berm and erected a temporary Jamesway
galley in preparation for Williams Field III, the new skiway
which is being built on the Ross Ice Shelf 3 miles further from
the edge of the shelf than the current site.

Contractor employees operated South Pole, Siple, and Palmer
stations and the RAT Hero. On 6 November 1982, Amundsen-
Scott South Pole Station began summer operations; 22 ANS
employees and 2 Navy personnel supported 48 scientists be-

On the sea-ice runway in McMurdo Sound, a ski-equipped Hercules (LC-1 30) airplane is parked. Between August 1982 and February 1983 Navy
pilots and crews flew the six National Science Foundation LC-130s3,622.7 hours to bring personnel and equipment to U.S. stations and support
science In remotes areas of Antarctica. (NSF photo by Russ Kinne.)
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tween November and February. During the austral summer
ANS employees repaired and renovated the sewage system,
upgraded the meteorological balloon inflation tower, and re-
wired and added to the station's electrical system.

The first LC-130 of the season arrived at Siple Station on 5
November 1982. Because of heavy snow accumulation during
the 1981-1982 winter, ANS employees had to extend and modi-
fy all arch penetrations and surface structures. Despite frequent
bad weather, a 10-person team raised the existing 21-kilometer
dipole antenna and extended it to 42 kilometers in 6 weeks
during December and January. During the austral summer at
Siple, 14 ANS employees and two Navy personnel supported
10 scientists.

Antarctic Peninsula operations began in early October, when
four U.S. biologists arrived at King George Island aboard a
Chilean C-130 airplane to study penguin behavior and ecology
near the Polish station Arctowski. On 2 December 1982, the RIV
Hero arrived at Palmer Station with the 1982-1983 relief crew and
the first researchers. Support to 33 scientists was provided by 11
ANS employees and a Navy corpsman. To improve communi-
cations a 6-meter communications tower and a high-frequency,
rotatable periodic long antenna were erected. ANS employees
also added to the station's existing laboratory space to meet the
increased demands of the science program. Twelve ANS em-
ployees operated the RIV Hero, which supported 30 scientists
during the season.

Winter operations began at Siple and South Pole Stations in
early February 1983 and at McMurdo Station in late February.
Summer operations in the Antarctic Peninsula area continued
until early April 1983.

Support in the United States

In the United States the marine sediment core facility at
Florida State University distributed 2,161 samples, taken from
349 individual piston, trigger, Phleger, and drill cores and
grabbed, trawled, and dredged specimens, to 17 investigators
representing 12 institutions in Japan, Sweden, and the United
States. Also more than 1 metric ton of sediment cores was
loaned to scientists at Rice University for on-site analysis and
whole-core X-radiography. Acquisition of new material in-
cluded 17 piston cores (22 meters), 37 subcores (15 meters) from
box cores, and 20 grab samples recovered during the 1982-1983
USCG Glacier cruises in the Ross Sea-Sulzberger Bay area. One
hundred and twenty meters of frozen drill cores from six holes
in Taylor Valley (southern Victoria Land) were received and
supplement the existing collection of 1,147 meters of core from
the Dry Valley Drilling Project.

The Smithsonian Oceanographic Sorting Center in Wash-
ington, D.C., processed 920 antarctic samples and recorded
them in the facility's computer data base. Approximately
192,400 specimens were prepared for shipment and storage.
From the sorted collection the staff distributed 45,000 spec-
imens in 1,182 sorted lots to 26 specialists for analyses; these
included large collections of various groups of pelagic
copepods, oplophorid shrimps, and siphonophores. Most of
the facility's antarctic samples have been sorted into about
102,500 lots containing nearly 21 million specimens that spe-
cialists have classified and analyzed.

One hundred and forty-five meteorite fragments collected
during 1981-1982 were classified by researchers at the Smithso-
nian Institution's Department of Mineral Sciences. To classify
these fragments, researchers prepare thin sections of the mete-

orites, examine them with petrographic and metallographic
microscopes, and analyze the minerals with an electronbeam
microprobe.

The National Aeronautics and Space Administration's
Johnson Space Center maintains an antarctic collection of over
1,150 stony meteorites, which the facility's staff has divided into
more than 5,000 subsamples. Among the allocations to re-
searchers over the last 4 years was distribution of samples of a
lunar meteorite and two possible martian ones to 100 inves-
tigators in 14 different countries. During 1982-1983 the center's
staff began to study 135 meteorites collected during the austral
summer.

Ice core samples were distributed from a facility at the Depart-
ment of Geology, State University of New York at Buffalo, in
Amherst, New York. While a report on this activity does not
appear in this issue, a detailed brochure describing ice core
availability can be obtained from the Foundation or the Buffalo
facility.

The Library of Congress continued to abstract and index
literature for the Antarctic Bibliography. In 1983 Volume 12 of the
Antarctic Bibliography, containing 2,368 abstracts of the world's
recent antarctic literature, was published. This volume con-
tinues the bibliographic control of antarctic literature published
since 1951; these volumes include 31,225 citations, most of
which also are available for on-line searching through the Sys-
tem Development Corporation's ORBIT system.

Antarctic Treaty activities

The main goal of the Polar Star's circumnavigation was to
transport a four-person State Department team to observe ant-
arctic stations of other countries. Article VII of the Antarctic
Treaty provides that consultative parties may designate observ-
ers who have complete freedom of access at any time to any or
all areas of Antarctica and to ships and aircraft at points of
loading or discharge. The Antarctic Policy Group, the inter-
agency committee that provides guidance on U.S. antarctic
policy, selected stations in East Antarctica for the inspection that
had not been inspected by U.S. observers since 1967.

Forty-seven days of the 69-day cruise were devoted to
the inspection; during the cruise the Polar Star, sailing west
from McMurdo Station to Palmer Station, covered 7,500
nautical miles. The team visited 14 stations—four Soviet (Lenin-
gradskaya, Mirnyy, Molodezhnaya, and Novolazarevskaya),
three Australian (Casey, Davis, and Mawson), two Argentine
(General Belgrano II and Marambio), and one each of France
(Dumont d'Urville), Japan (Syowa), South Africa (Sanae III),
Federal Republic of Germany (Georg von Neumayer), and the
United Kingdom (Halley).

The observers noted that the science programs at these sta-
tions varied. Meteorology and upper atmosphere studies were
practically everywhere, while glaciology, geology, and biology
were limited to a few stations. Scientists and support personnel
at all of the stations welcomed the U.S. team, eagerly explained
their projects and equipment, and gave tours of the bases. The
U.S. observers found that all stations visited were complying
with the provisions and the spirit of the Treaty.

Unexpected bonuses during the circumnavigation were brief
visits with the Indian and West German expeditions. Near
70°45'S 11-38'E, the Polar Star encountered the ship of the Indian
expedition near its summer base Dakshin Gangotri. in the
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southern Weddell Sea, the team met up with the West German
polar research ship Polarstern, which was making its first ant-
arctic cruise.

During 1983, the People's Republic of China and India ac-
ceded to the Treaty. Acceding nations agree to abide by the
Treaty but do not participate in its operation. On 12 September
1983 at a Special Consultative Meeting, representatives of the 14
Antarctic Treaty Consultative Parties admitted India (which ac-
ceded in to the Treaty on 19 August 1983) and the Federative
Republic of Brazil (which acceded to the Treaty in 1975) to
consultative party status. These two countries are the third and
fourth countries to gain consultative status since the original 12
nations signed the Treaty in 1959 (Poland was first in 1978, and
the Federal Republic of Germany second in 1981). The accedents
achieve consultative status by conducting substantial scientific
research activity in Antarctica. As consultative parties these
four countries now participate in the deliberations, rec-
ommendations, and decisions of the Antarctic Treaty con-
sultative meetings.

From 13 to 17 September 1983, representatives from 27 na-
tions met in Canberra, Australia, for the Twelfth Antarctic
Treaty Consultative Meeting. Attendance at the meeting dem-
onstrated growing international interest in Antarctica. For the
first time, representatives from the 12 nonconsultative nations
were invited to observe the meeting. In addition to the 16
consultative parties, 11 acceding nations were represented at
the meeting.

The representatives devoted their attention to improved co-
operation in science and logistics and the operation and evolu-
tion of the Treaty system. They discussed various topics, includ-
ing improved telecommunications, collecting and distributing
meteorological data, man's impact on the environment, and the
public availability of consultative meeting documents. Eight
recommendations were approved during the 2-week meeting.
This increases to 139 the number of treaty recommendations
made since the first consultative meeting in 1962. The Antarctic

Journal, March 1984 issue, has a report of the meeting, and the
official final report is available from the Division of Polar Pro-
grams. The next treaty meeting is tentatively scheduled to be
held in Brussels, Belgium, in 1985.

Budget

Fiscal 1983 support of the U.S. antarctic program, provided
through the National Science Foundation, totalled $83,196,285
in the following major categories:

• grants to institutions for scientific projects in atmospheric
sciences $1,900,113, biological sciences $2,214,270, earth
sciences $1,457,890, glaciology $1,400,000, ocean sciences
$1,372,227, information and advisory services $651,785,
and direct science support (costs normally included in a
grant for work at an institution but provided in Antarctica
from program resources) $10,800,000. This comprises
$19,796,285 in total science support.

• construction and procurement $8,100,000.
• logistics and support $55,300,000.
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Terrestrial geology and geophysics

Composite inclusion of olivine gabbro
and calc-silicate rock in the Dufek
Intrusion, a possible fragment of a

concealed contact zone

GLEN R. HIMMELBERG

Department of Geology
University of Missouri

Columbia, Missouri 65211

ARTHUR B. FORD

U.S. Geological Survey
Menlo Park, California 94025

Among many different types of inclusions in the layered
gabbros of the Dufek Intrusion, one of the most interesting is an
unusual composite inclusion of olivine gabbro and caic-silicate
rock from the lower exposed part of this Jurassic igneous com-
plex. The caic-silicate rock part, possibly derived from the coun-
try-rock Cambrian Nelson Limestone, consists of clinopyrox-
ene (fassaite), spinet, and minor vesuvianite and other
minerals, an assemblage similar to those in metacarbonate in-
clusions in the Bushveld Complex. The gabhro part consists of
augite, orthopyroxene, olivine (Fo59), and plagioclase (An65).
The inclusion may have been derived from a hidden contact
zone of the intrusion. The presence of olivine, a mineral not
occurring as a cumulus phase in exposed rocks, may be signifi-
cant, because it suggests the mineral might he a member of the
crystallization sequence of the Dufek magma and that would
indicate the possible presence of olivine-bearing mafic and ul-
tramafic rock in the concealed basal part of the intrusion.

The Dufek Intrusion is an unusually large body of differenti-
ated layered gabbro of Jurassic age in the northern Pensacola
Mountains (82'30'S 50 0 W). The stratigraphy and differentiation
history of the intrusion are described in detail by Abel, Him-
melberg, and Ford (1979), Ford (1970, 1976), Ford and Boyd
(1968), and Himmelberg and Ford (1976, 1977). It is mostly
covered with ice, but geophysical surveys show that its area
exceeds 50,000 square kilometers, comparable to South Africa's
Bushveld Complex (Behrendt et al. 1980). The gabbro and re-
lated rocks are exposed in two partial, nonoverlapping strati-
graphic sections: a lower one of 1.8-kilometer thickness in Du-
fek Massif and an upper one of 1.7-kilometer thickness in the

Forrestal Range. Sallee Snowfield conceals an intermediate in-
terval estimated to be 2-3 kilometers thick. A concealed basal
section is estimated from geophysical evidence to be 1.8-3.5
kilometers thick (Behrendt et al. 1974). The total thickness of
layered rock thus may be as much as 8-9 kilometers, which is
also comparable with the Bushveld Complex.

Inclusions, mostly xenoliths of recrystallized country rock
but including autoliths of gabbro and other rock related to the
intrusion, occur at a wide variety of stratigraphic levels. The
inclusions generally occur in trains sharply aligned in the plane
of layering. The xenoliths consist of lithologically varied
hornfelses and calc-silicate rock commonly containing pale
green garnet. The calc-silicate rock xenoliths were probably
derived from the Cambrian Nelson Limestone which is exposed
in the nearby Neptune and Argentina Ranges (Schmidt,
Williams, and Nelson 1978). The Nelson Limestone locally con-
tains argillaceous and silty impurities needed for caic-silicate
mineral crystallization. The subject of this report is an unusual
composite inclusion of gabbro and calc-silicate rock, sample
65F38D collected by W. W. Boyd, Jr. in 1965 from about 260
meters stratigraphic height in the Dufek Massif section. The
inclusion is tabular in shape (1.5 meters long by 30 centimeters
wide) and oriented parallel to the cumulate layering of the host
rock, a plagioclase-inverted pigeonite-augite cumulate. The in-
clusion is unusual because of its composite nature and, par-
ticularly, because of the presence of olivine in the gabbro part—
a mineral not found as a cumulus phase in the Dufek Massif
section and only rarely occurring as an iron-rich variety (Fa 95) in
the higher part of the Forrestal Range section (Himmelberg and
Ford 1976).

The calc-silicate rock part of the inclusion consists domi-
nantly of clinopyroxene and spinel with minor calcite, vesu-
vianite, epidote, and chlorite. The clinopyroxene is fassaite,
characterized by high concentrations of calcium oxide (CaO) (25
percent) and aluminum oxide (All-03) (10 percent) (table 1). This
mineral assemblage is not uncommon in metamorphosed car-
bonates (Deer, Howie, and Zussman 1978), and similar ones
have been reported in metamorphosed carbonate xenoliths in
the eastern Bushveld Complex (Willemse and Bensch 1964).

The gabbro part of the inclusion consists of augite,
orthopyroxene, olivine, and plagioclase, with minor secondary
actinolite and chlorite. A trace of quartz in irregular blebs is
also present. The olivine composition is F0 59; the ratio

100 X magnesium termed the magnesium
magnesium + iron + manganese,
(Mg) value, is 62 for orthopyroxene and 69 for augite; and
plagioclase composition is An 65 (table 2).

Cumulus minerals in the immediate host rock of the inclusion
were not analyzed in this study, but compositions of cumulus
pigeonite and augite (Mg values of 64 and 68, respectively) and
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Table 1. Chemical composition and structural formula of fassaite and spinel in the calc-silicate part of a composite inclusion In the
Dufek Intrusion

Chemical composition

Fassite	 Spinel

Si02	47.0	 Al203	62.1
Al 203	10.0	 h02	0.07
Ti02	0.8	 Cr203	-
Cr203	_a	 Fe203C	3.41
FeOb	6.02	 FeO	20.5
MnO	0.15	 MnO	0.74
MgO	12.1	 MgO	13
CaO	25.0	 Sum	100.42
Na20	0.02
Sum	101.09

a"—"denotes 'not detected."
bTotal iron as FeO.
'Total iron determined and Fe 203 and FeO calculated from stoichiometry.

cumulus plagioclase (An 63) in a gabbroic cumulate about 30
meters above the inclusion locality (sample 40Fa in Abel, Him-
melberg, and Ford 1979; Himmelberg and Ford 1976) are similar
to mineral compositions in the inclusion gabbro. Showing iron
enrichment in pyroxenes and albite enrichment in plagioclase,
the minerals of the inclusion gabbro are geochemically more
evolved than cumulus orthopyroxene (Mg value of 71), augite
(Mg value of 76), and plagioclase (An78) in a thin gabbroic layer
in the Walker Anorthosite about 200 meters below the inclusion
locality (sample 193Fc in Abel, Himmelberg, and Ford 1979;
Himmelberg and Ford 1976).

Our study of inclusions in the Dufek Intrusion is just begin-
ning. Many more of the numerous ones sampled need to be
examined for evidence related to possible interpretations of the
one described here, which we tentatively believe may be a piece
of the contact zone of gabbro with recrystallized carbonate
country rock, perhaps broken from the wall of the concealed
basal section or from a feeder conduit and transported by the
magma from which the host rock crystallized. If correct, impor-
tant implications of this interpretation would be that olivine is a
member of the mineral crystallization sequence of the Dufek
magma and that, accordingly, olivine-bearing mafic and possi-
bly ultramafic cumulate units may occur in some part of the
concealed basal section of the intrusion. Geophysical data also
suggest the presence of ultramafic rock in this part of the body
(Behrendt et al. 1974). Based on the first (lowest) occurrence of
cumulus pigeonite as a correlation marker (Ford, this issue), the
exposed parts of the layered sequence are stratigraphically com-
parable to the upper one-half to two-thirds of the Bushveld
Complex and thus are above the equivalent height at which
magnesian olivine disappears as a cumulus phase in its layered
sequence.

If the inclusion gabbro indeed represents a contact zone, its
compositional similarity with the host gabbro requires explana-
tion. Possibly, the inclusion was rafted laterally from a contact
position where the stage of chemical evolution was the same, or
it was transported from depth, in which case the similarity in
mineral chemistry could be explained by a reversal in fractiona-

Cations per formula unit

Fassite	 Spinel

Si	1.731	 Al	15.432
Al"'	0.269	 Ti	0.011
IT	2.000	 Cr	-
AM	0.165	 Fe 3 '	0.541
Ti	0.022	 1	15.983
Cr	-	 Fe2	3.617
Fe	0.185	 Mn	0.132
Mn	0.005	 Mg	4.270
Mg	0.664	 8.019
Ca	0.987
Na	0.001

2.029

tion trend or presence of a thick sequence of similar chemistry,
such as are known in exposed parts of the intrusion (Abel,
Himmelberg, and Ford 1979; Himmelberg and Ford 1976, 1977).
Thus the inclusion gabbro may have originated from a contact-
zone source somewhere below the height of the inclusion lo-
cality. An alternate explanation for the evolved nature of the
inclusion gabbro might be that an evolved chemistry is a charac-
teristic feature of the Dufek contact gabbros. Chemically
evolved gabbroic contact rocks are documented for the La Per-
ouse layered gabbro, Alaska (Loney and Himmelberg in press)
and the Stillwater Complex, Montana (Raedeke 1982), where
they are attributed to metasomatic contamination with country
rocks, a process that might explain the presence of minor quartz
in the Dufek inclusion gabbro. A contamination mechanism
seems to be required to produce the upward increase in initial
strontium-87/strontium-86 values in the Dufek's layered se-
quence found in a preliminary survey by Hedge (personal com-
munication). At the only exposure of the contact, in the south-
ern Forrestal Range, highly evolved, iron-rich, magnetite-
bearing noncumulus fine-grained gabbro is in contact with the
Devonian Dover Sandstone, lying between the Dover and an
upper part of the layered sequence of cumulates (Ford 1970).
The cumulates at this stratigraphic height are also iron rich and
contain abundant iron-titanium oxide minerals (Himmelberg
and Ford 1977). It is difficult to conceive how metasomatic
contamination by the Dover Sandstone, a white, nearly pure
quartzose rock, or other Paleozoic formations nearby (Ford et al
1978) might have produced such iron enrichment in the contact
gabbro. At this locality a more likely mechanism would be the
chilling of the iron-enriched differentiated magma from which
the nearby layered cumulate sequence crystallized (Ford 1979).

If some cognate inclusions, such as the olivine-gabbro auto-
lith of this report, are fragments of contact gabbro that crys-
tallized from magma that produced the layered sequence, their
study can provide important mineralogical and chemical data
on the evolution of the magma during its differentiation.

This research was supported by National Science Foundation
grant DPP 80-20753
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Olivine
	 Ortho-	 Augite

pyroxene

	52.8
	

5i02	52.7

	

0.65
	

Al203	1.57

	

0.45
	 hO2	0.41

Cr203	0.06

	

22.9
	 FeOa	12.0

	

0.45
	 MnO

	0.28

	

21.1
	

MgO
	15.4

	

2.01
	

CaO
	17.7

	

0.02
	

Na20
	0.02

	

100.38	 Sum	100.27

Cations per formula unit

Si02
FeOa
MnO
MgO
NiO
CaO
Sum

	36.5
	

Si02
	35.3
	

Al203
	0.59
	

Ti02
	28.5
	

Cr203
	0.07
	 FeOa

	0.13
	 MnO

101.09 MgO
CaO
Na20
Sum

Table 2. Chemical composition and structural formula minerals in the gabbro part of a composite Inclusion in the Dufek Intrusion

Chemical composition

Plagioclase

Si02	50.5
Al 203	30.4
CaO	13.6
Na20	3.81
K20
Sum	98.72

Olivine	 Ortho-
pyroxene

Si	 1.002	 Si	 1.972
Fe	 0.811	 Al'	 0.028
Mn	 0.014	 IT	 2.000
Mg	 1.166	 Alvi	 0.001
Ni	 0.002	 Ti	 0.013
Ca	 0.004	 Cr	 -

Cations	2.999	 Fe	 0.715
100 x Mg	586	 Mn	 0.014

(Mg + Fe + Mn)	 Mg	 1.175
Ca	 0.080
Na	 0.001
Im	 1.999

lOOxMg	617
(Mg + Fe + Mn)
Mg	 59.6
Fe	 36.3
Ca	 4.1

alotal iron as FeO.
b"-"denotes not detected."

Augite	 Plagioclase

Si	 1.962	 Si	9.327
Al ly	 0.038	 Al	6.617

2.000	 Ca	2.691
Al"	 0.030	 Na	1.364
Ti	 0.011	 K	 0.097
Cr	 0.002	 Y.Cations	20.096
Fe	 0.374	 Or	2.3
Mn	 0.009	 Ab	32.8
Mg	 0.854	 An	64.8
Ca	 0.706
Na	 0.011
Im	 1.997

100 x Mg	690(Mg + Fe + Mn)
Mg	 44.2
Fe	 19.3
Ca	 26.5
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Minor-metal reconnaissance survey
related to possible resources in the

Dufek Intrusion

ARTHUR B. FORD

U.S. Geological Survey
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approaches that of South Africa's resource-rich (von
Gruenewaldt 1977) Bushveld Complex makes this speculation
even more attractive.

As part of a continuing petrologic study (with C. R. Him-
melberg of the University of Missouri), a reconnaissance geo-
chemical survey of minor metals of possible resource interest
(table) has been made, including the platinum-group elements
(PGE) platinum (Pt), palladium (Pd), and rhodium (Rh) that are
not shown averaged in the table because of the many results
below limits of determination—Pt, 10 parts per billion (ppb);

The geology of the Dufek Intrusion (82°30'S 50°W), a differen-
tiated layered mafic igneous complex of Jurassic age in the
northern Pensacola Mountains (Ford 1976), was studied by U.S.
Geological Survey field parties in the 1965-1966, 1976-1977, and
1978-1979 summers. Of a total 8-9 kilometers estimated thick-
ness, about 1.8 kilometer of a lower (but not the lowest) part is
exposed in Dufek Massif (Ford, Schmidt, and Boyd 1978) and
about 1.7 kilometer of the highest part is exposed in the For-
restal Range (Ford et al. 1978). Major unexposed stratigraphic
parts are a 1.8-3.5-kilometer-thick basal part beneath the Dufek
Massif section and a 2-3-kilometer-thick interval beneath Sallee
Snowfield between the two exposed sections. Preliminary pet-
rologic studies [including electron microprobe analysis of the
chief cumulus minerals, plagioclase (Abel, Himmelberg, and
Ford 1979), calcium-rich and calcium-poor pyroxenes (Him-
melberg and Ford 1976), and iron-titanium oxides (Himmelberg
and Ford 1977)] show compositions and variations approximat-
ing those at inferred equivalent intervals in other complexes of
this type. Characteristic chemical trends are enrichment of iron
in pyroxenes and of albite in plagioclase with increasing strati-
graphic height. In exposed parts, conspicuous mineralogical
differences from other differentiated complexes are the absence
of cumulus chromite and magnesian olivine. Aughenbaugh's
(1961) reported occurrences of the minerals are probably in
xenoliths (see Himmelberg and Ford this issue). Cumulus oc-
currences of the minerals may exist at depth, however, as pe-
trologic comparisons with other complexes, including use of
cumulus arrival of pigeonite as a correlation marker, suggest
that the Dufek Massif section lies above analogous sections
containing them in the other complexes (figure 1).

Mafic layered intrusions are well known for their variety of
economically significant metal deposits generally in lower strat-
igraphic parts and associated with early crystallized mafic and
ultramafic cumulates (Wilson 1969). The Dufek Intrusion ac-
cordingly has attracted considerable speculation on its possible
resources (Lovering and Prescott 1979; Runnells 1970; Zum-
berge 1979; among many others). Behrendt's et al. (1980) deter-
mination that its size (in excess of 50,000 square kilometers)
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Figure 1. Possible stratigraphic comparison between lower parts of
the Bushveld and Dufek Intrusions. Modified from Ford et al. (in
press). Bushveld from Wager and Brown (1967). A and B show
Behrendt's et al. (1974) estimated limits (1.8-3.5 kilometers) for
thickness of the concealed basal section of the Dufek Intrusion.
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Averages of minor-element abundances, Dufek Intrusion, in parts per million

Section	Rock types

Upper	granophyre
(Forrestal
Range)	cumulatesa

Lower
(Dufek	cumulatesa
Massif)

Number	Cu	Co

2	34	8

9	400	63

13	29	50

	

Cr	Ni	V	 Ti	 S

	

2	<2	11	6.8x103	135

	

22	51	820	25.7x 103	720

	

174	76	198	2.0x 103	29

aincludes cumulates of gabbroic, anorthositic, and pyroxenitic composition.

Pd, 4 ppb; and Rh, 5 ppb. Twenty-four analyzed rocks from
stratigraphic levels representing a broad spectrum of differen-
tiation stages include gabbro, anorthosite, pyroxenite, and gra-
nophyre. A few atypical samples contain up to about 3 percent
visible sulfides. Details of procedures and sample materials are
given in Ford et al. (in press).

Concentrations of the minor metals vary widely. Most show
close correlation with modal content of either pyroxenes or
iron-titanium oxides (figure 2). Strong positive correlations with
stratigraphic height imply that copper, vanadium, and titanium
were enriched during differentiation by fractional crystalliza-
tion. Variations with height for other elements are more irreg-
ular, but differences in concentration ranges and averages be-
tween the two exposed sections suggest enrichment also in
sulfur and cobalt and depletion in chromium and nickel related
to differentiation. Similar variations are found in other layered
intrusions (Wager and Brown 1967). The PGE also seem to show
differentiation-related enrichment. They have been found only
in amounts near or below limits of determination in the lower
section but in greater amounts, up to 35 ppb platinum, 44 ppb
palladium, and 12 ppb rhodium, in the upper section.

0'	0
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Ti .. • •ss•H-LJ/
Ni

C  MWE
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V
	 •.S/ •>°
Cu 30N +	 69-55

S 0110 + ////	
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Basal parts of similar complexes are of greatest interest for
resources such as PGE, chromium, nickel, and copper, but metal
concentrations also occur in higher parts (Wilson 1969; von
Gruenewaldt 1977). The pyroxenitic Merensky Reef of the Bush-
veld Complex is a leading producer of PGE and chromite ores
and therefore pyroxenite layers of the Dufek Intrusion might be
attractive exploration targets. However, we have not found them
to contain anomalous metal values. Figure 1 suggests they lie at
a position analogous to a level about 2 kilometers or more above
the Merensky Reef. PGE abundances determined in this study
(Ford et al. in press) are comparable to those in typical rocks
above the Bushveld's Merensky Reef reported by Page et al.
(1982). As in the Bushveld above the Merensky, larger amounts
of PGE are found in rocks containing abundant magnetite and
associated sulfides.

Although results to date have not yielded indications of metal
concentrations of possible present utility, the probability for a
chance discovery by this reconnaissance survey would be
slight, even if the concentrations exist. Most deposit types
known in similar complexes (Wilson 1969; von Gruenewaldt
1977) must be considered as possibilities (speculative resources)
in view of the immense area of concealed rock (particularly
basal units), the small number of analyzed samples, and ab-
sence of studies directed toward a search for minerals. Antarctic
operating costs would probably limit primary utility to mate-
rials having high unit value, such as PGE., but PGE utilization
might benefit recovery of others. Lacking river activity in this
area, traditional methods of prospecting for platinum-group
minerals by tracing alluvial placers or other surficial occurrences
by panning back to lode sources, as in the discovery of the
Merensky Reef, would not be possible. If prospecting does
someday take place, perhaps using geochemical methods, the
correlations in figure 2 suggest that vanadium might be a useful
pathfinder element for the platinum-group minerals in exposed
parts of the intrusion. Different correlations, perhaps with
chromium, would be expected in the concealed basal part.

This research was supported in part by National Science
Foundation grants DPP 77-22765 and DPP 80-20753.
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Geochronologic studies in East
Antarctica: Reconnaissance uranium/
thorium/lead data from rocks in the

Schirmacher Hills and Mount Stinear
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Bochum, Federal Republic of Germany

WILLIAM I. MANTON

Program and Institute for
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The University of Texas-Dallas
Richardson, Texas 75080

The Schirmacher Hills (70045S 11°50'E) are a coastal exposure
of the Precambrian crystalline basement of Queen Maud Land
(Ravich and Kamenev 1975; Ravich and Soloviev 1966). Mount
Stinear (73'7'30"S 66°15'E) in the southern Prince Charles
Mountains is composed primarily of a granitic and gneissic
basement complex and of an amphibolite-facies metasedimen-
tary cover of Precambrian age (Tingey 1982; Grew 1982). We
report here uranium/thorium/lead (U/Th/Pb) data on 3 samples

collected in the Schirmacher Hills and at Mount Stinear in 1973
and 1974 when Grew participated in the 18th and 19th Soviet
Antarctic Expeditions (SAL) as U.S. exchange scientist. To the
authors' knowledge, the only other radiometric data reported
from these areas [aside from brief mention in Grew (1982; in
press) of the U/Th/Pb data to be presented here] are potassium/
argon (K/Ar) dates from central Queen Maud Land (0-20°E)
(Ravich and Soloviev 1966), and a rubidium/strontium (Rb/Sr)
date of 2,580 million years from Mount Stinear (Tingey 1982).

The Schirmacher Hills in the vicinity of the Soviet Station
Novolazarevskaya are underlain by metamorphic rocks consist-
ing largely of sillimanite-garnet gneiss, garnet-biotite gneiss,
mafic granulite, minor calc-silicate granulite and marble, and
rare sapphirine-garnet-hiotite granulite (Grew in press). These
rocks were metamorphosed in the granulite facies and subse-
quently in the amphibolite facies. Pegmatites containing al-
lanite and tourmaline were emplaced during the amphibolite-
facies event, and mafic dikes were emplaced both before and
after the amphibolite-facies event.

Samples analyzed for U/Pb/Th isotopes from the Schirmacher
Hills are 378X, a metamict allanite from pegmatite, and 39513,
zircons from a quartzo-feldspathic gneiss containing unaltered
garnet, biotite, and hornblende; and accessory apatite, opaque,
calcite, and optically active allanite. Biotite forms clots of flakes
in random orientation. This texture and the absence of pyrox-
ene suggests that the gneiss had completely recrystallized dur-
ing the amphibolite-facies event. In thin section, zircon crystals
are commonly euhedral and some have cores. The analyzed
zircons are clear and subhedral to euhedral. Cores were not
apparent. Two size fractions were analyzed: 100-200 mesh and
less than 200 mesh.
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Table 1. Uranium, thorium, and lead concentrations and Isotopic ratios of minerals from the Schirmacher Hills
and Mount Stinear, East Antarctica

Sample	
U	Th	Pb	2061b	206Pb	2061b	2071ba	206Pb	208Pb

number	 (in parts per million)	 204pb	207Pb	208,	235,	238w	Th

Schirmacher Hills
378X	 1,122	19,300	6880
395B
(100-200 mesh)	 580.9	n.d/	73.8

< 200 mesh)	 478.8	n.d.b	63.0

Mount Stinear
544	 10,600	14,300	1,090

493.3	11.33
	

5.452	0.8461
	

0.1043	0.0327

10,700	14.44
	

0.0742	1.296
	

0.1290	-
2,360	13.54

	
0.0993	1.220

	
0.1295	-

1,980	13.55	1.673	0.6509
	

0.0710	0.0296

a Radiogenic component
None determined

The U/Th/Pb data on 378X are concordant (tables 1 and 2,
figure) and indicate an age near 630 million years for crystalliza-
tion of the allanite and pegmatite. This allanite age probably
dates the amphibolite-facies metamorphism. The U/Pb data on
395B are discordant (figure), and the two size fractions do not lie
on a meaningful line. A rather large common lead correction
was associated with the smaller size fraction, which could in
part explain the discrepancy between the two size fractions.
With due allowance for possible errors, the data on 395B could
be interpreted to indicate crystallization of the zircon roughly
1,500 million years ago and subsequent lead loss during the
amphibolite-facies metamorphism 630 million years ago. An
approximate age of 1,500 million years is thus suggested for the
original crystallization of the gneiss, presumably in the gran-
ulite facies. The 630-million-year event also opened the KIAr
isotopic system. The maximum KIAr ages reported by Ravich
and Soloviev (1966) are 830 and 845 million years on mafic
granulite from the Schirmacher Hills. Our geochronologic data
suggest that the metamorphosed mafic dikes are Late Pre-
cambrian in age (probably less than 1500 million years), while
the unmetamorphosed mafic dikes are Late Precambrian or
Phanerozoic (less than 630 million years).

Sample 544 is a nodule several centimeters across collected
from a pegmatite in the basement complex at Mount Stinear
(Grew 1982). This nodule consists of several metamict yttrium-
bearing minerals. The U/Pb data, obtained on the nodule as a
whole, lie on a chord intersecting concordia at 0 and 850 million
years (figure). One interpretation is that the nodule crystallized
850 million years ago and subsequently lost lead. However,
Tingey (1982) reports an Rb/Sr age of 2580 million years on
muscovite from a pegmatite cutting the metasedimentary rocks
overlying the basement complex at Mount Stinear. The peg-
matite from which 544 was collected appears to be part of the
basement complex, and thus would be older than the overlying
metasediments. An alternative interpretation of the data on 544
is that the nodule originally crystallized at some time before
2,580 million years ago and lost lead during more than one later
event. Radiometric data from other exposures in the southern
Prince Charles Mountains provide evidence for metamorphic
and plutonic events about 1,000 and 500 million years ago
(Halpern and Grikurov 1975; Tingey 1982). Lead loss during
either of these events or both, as well as subsequently, could
explain the marked discordance in the U/Pb data for 544.
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Table 2. Uranium-thorIum-lead ages of minerals from the
Schlrmacher Hills and Mount Stinear, East Antarctica

(In millions of years)

Sample number	207Pb	2061b	208Pb

235u	238u	Th

378X	 623	640	651
(Schirmacher Hills)

544	 509	442	589
(Mt. Stinear)

Ef
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2O7Pb/235U

Concordia diagram for minerals from the Schlrmacher Hills and
Mount Stinear.
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Geological investigations of portions
of northern Victoria Land
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Leap Year fault southward from the Millen Range. Leap Year
quartzite was found as far east as Tur Peak while Robertson Bay
rocks were found on Clapp Ridge. Although these findings do
not allow any analysis of structural relationships between the
Bowers Supergroup rocks and the Robertson Bay Group rocks,
it does confirm that the Bowers structural zone does indeed
continue through to the Ross Sea following approximately the
same trend as it has inland. The Malta Plateau and a large area

As part of the 1982-1983 West German Antarctic northern
Victoria Land Expedition (GANOvEx-Ill), I participated in field
work in the lower Mariner Glacier area from 15 January until 1
March 1983. The purpose of the expedition was to investigate
the general geology, structure, geochemistry, and geophysics
of selected portions of northern Victoria Land. This preliminary
report is restricted to work done in the Malta Plateau area
with Michael Schmidt-Thome of Bundesanstalt für
Geowissenschaf ten and Rohstoffe (BGR) and Greg Mortimer of
the Canterbury University, Christchurch and from the Handler
Ridge area with Bob Findlay of Hobart University, Tasmania. A
more complete account will appear in the Geologisches Jahrbuch,
published by BGR (Mortimer, Schmidt-Thome, and Wright in
press; Wright and Findlay in press).

GANOVEX-111 was based on board the Polar Queen, an ice-
strengthened ship of Norwegian registry. Four Hughes 500D
helicopters provided air support for all field projects and field
camp logistics. Two field camps were established in the Mariner
Glacier area, one at Spatulate Ridge (73°27'S 167°15'W) and one
at Lawrence Peaks (72°50'S 166°15'W). Coastal fog and stormy
weather limited flyable days to approximately one-third of the
time we were in the area. However, the exceptional versatility
and maneuverability of the Hughes 500D helicopters helped us
make very efficient use of the good weather days.

The purpose of investigations in the Malta Plateau area was to
attempt to locate the eastern edge of the Bowers Structural
Zone, which was expected to be somewhere between Bunker
Bluff and Cape Crossfire based on projection of the trend of the
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Sketch map showing northern Victoria Land and localities men-
tioned in text.
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east of the Plateau contain a large acidic volcanic deposit, includ-
ing ignembrite, perlite, granite and mega-breccia units. The age
is uncertain, except that it overlies unconformably the Leap Year
Formation and underlies the dark basaltic cones and flows of
McMurdo Volcanics. Age dating of a suite of these rocks is in
progress at the BGR.

To the north of this area, in the vicinity of Handler Ridge, we
found a more complex and interesting situation. Handler Ridge
lies well to the east of the Bowers Structural Zone and is north-
east of Mount Burton. Last season both New Zealand parties
(Laird personal communication) and I visited Mount Burton
and identified strongly deformed Robertson Bay rocks. There-
fore, Handler Ridge was expected to consist of Robertson Bay
Groups rocks. A landing on the eastern end confirmed that this
end of the ridge is Robertson Bay Group graywacke and slate,
folded in gently northwest-plunging folds with strongly de-
veloped axial planar cleavage. A close helicopter traverse did
not indicate the presence of a structural break along the ridge.
The lithology of the central portion of Handler Ridge was still
shale and graywacke, but the sandier units were much more
lime rich. Several 10-centimeters to 2-meter thick, fairly clean,
light gray limestone blocks were incorporated in a 30-meter
wide contorted zone. Two of these yielded fossils; one con-
tained many pelmatozoan columnals and the other produced a
collection of well-preserved upper Cambrian/lower Ordovician
trilobites. There are at least four species of trilobites and two
brachiopods in the collection (Ross personal communication).
We interpret the contorted zone to be a soft-sediment slump
deposit and the limestone blocks to be olistoliths of shelf depos-
its incorporated in the slump. There is little evidence to suggest
tectonic emplacement of these limestone blocks. West of this
location, the lithology changes into a pebble-containing sand-
stone and shale and then into light-colored conglomerates.
These were observed at close proximity from the helicopter, but
no landing was made. All these outcrops on Handler Ridge are
east of the Bowers Structural Zone and are east of an outcrop of
strongly deformed "schist" exposed on the eastern tip of Mount
McDonald. Elsewhere, this "schist" is commonly found along
the eastern margin of the Bowers Structural Zone on the east
side of the Leap Year fault.

An upper Cambrian/lower Ordovician age for the limestone
olistoliths on Handler Ridge requires that the matrix graywacke
and shales be of that age or younger. This new age is the same or
younger than the slate potassium/argon age dates for the defor-
mation of the Robertson Bay Group proposed by Adams et al.
(1982). Indeed the dating of the Ross Orogeny" in northern
Victoria Land may need reappraisal and adjustment. Therefore
the only firm conclusions that can be made at this time are that
some of the rocks on Handler Ridge, previously mapped as pre-
Cambrian, are at least as young as the Cambrian/Ordovician
boundary, and that while some general similarities exist be-
tween the Handler Ridge sequence and the Bowers Supergroup
(Laird, Bradshaw, and Wadzicki 1982), serious discrepancies
also exist that prevent definitive correlation.

I would like to gratefully acknowledge the support of the
Division of Polar Programs for transportation to and from Ant-
arctica and the Bundesanstalt für Geowissenschaften und
Rohstoffe for providing all logistical support while in the field.
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Volcanic activity of Mount Melbourne,
northern Victoria Land
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Mount Melbourne (2,733 meters, 74° 21' S 164° 42' E) is a
mildly active alkaline volcano 12 kilometers from the coast of
Wood Bay in northern Victoria Land. It is a predominantly
snow- and ice-covered, low-angled strato volcano composed of
flows and airfall deposits, which are best exposed on the east-
ern flanks. Trachytes to trachyandesites are the predominant
lithologies although basalts are present around the base
(Nathan and Schulte 1968). Dark colored dirt layers, probably
consisting of volcanic tephra have been seen in ice cliffs and
glacier tongues surrounding the volcano, but none have been
visited (Adamson and Cavaney 1967; Nathan and Schulte 1968).

Present-day activity is restricted to small areas of warm
ground and ice structures built around fumaroles in the summit
area. The area has been visited twice previously, in January 1967
and December 1972 (Nathan and Schulte 1967, 1968; Lyon and
Giggenbach 1974). These parties measured soil and air tem-
peratures in three areas of warm ground partially covered by
low roofs of ice. Areas 1 (100 meters by 20-30 meters) and 2 (100
meters by 10-20 meters) are situated on the southeast and south
rims of the 1-kilometer wide, snow-filled summit caldera, while
area 3 (200 meters by 10-20 meters) is about 250 meters lower on
the northern slopes. Lyon and Giggenbach also mapped the
positions of ice pinnacles and towers formed by the con-
densation of water vapor from weakly steaming fumaroles in-
the summit area.

The third ascent of the volcano and the first from the east was
made by Keys and McIntosh in January 1983. Helicopters from
the icebreaker Glacier dropped us off slightly over 1,000 meters
above sea level on the eastern flank up from Edmunson Point.

An englacial layer of gray-brown tephra (figure) up to 0.5
meters thick, was found approximately 2 kilometers east of the
summit caldera between 1,700 meters and 2,000 meters above
sea level. The tephra is composed of gray-brown lapilli and ash
with less than 10 percent ice cement by volume. A 0.25-meter
thick section excavated at the bottom end of the outcrop showed
the tephra to be predominantly composed of lapilli of fibrous
pumice with less than 2 percent black obsidian chips. We be-
lieve that the tephra was deposited during an eruption from the
summit caldera of the volcano within the last few hundred
years.

Present-day geothermal activity is restricted to the summit
area and consists of warm ground, fumarole ice towers and
pinnacles, and cave systems in snow and firn. Warm ground
temperatures were measured using mercury thermometers,
and ice-structure dimensions and positions were noted. The
table compares maximum ground temperatures and shows that
those in January 1983 were virtually identical to those in De-
cember 1972. As in 1972, the warmest temperatures in 1983
were associated with patches of yellow to green moss whose
presence is consistent with stable heat flow (Nathan and
Schulte 1967).

A constant degree of geothermal activity appears to have
persisted for at least the last. 20 years. Vertical aerial pho-
tographs taken in 1963 show a distribution of ice structures and
bare ground similar to that of both 1972 and 1983. Comparison
of observations made in January 1983 and December 1972 indi-
cates that the numbers of ice pinnacles and towers in areas I and
3 are unchanged, but in 1983 area 2 had three or four fewer ice
structures. In 1983 area 1 had about 100 square meters of snow
and ice-free ground compared to only 40 square meters in 1972,
whereas area 2 had less bare ground than in 1972. These small
changes are probably due to small differences in snow
accumulation.

A geothermal cave system was investigated in a depression
within the snow-filled summit caldera. It contains chambers
and passages up to 7 meters wide and 3 meters high. About 100
meters of the cave system was explored out of a total probably
exceeding 300 meters. Other cave systems probably exist in the
summit area, for example, beneath a second depression in the
caldera 300 meters further west. The cave system explored is
formed by melting at the base of the firn and ice mass in the
caldera, by geothermal heat and steam, similar to caves on
Mount Erebus and elsewhere (Giggenbach 1976).

ts
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*Presen t address: Commission for the Environment, Wellington, New
Zealand.

The young englacial tephra layer on Mount Melbourne, 2 kilometers
east of the summit caldera.
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Maximum ground temperatures measured in warm ground areas in 1972 (after Lyon and Giggenbach 1974) and 1983

Warm ground area 1

Maximum	 Depth of
temperature	 measurement

Date
	 measured ( ©C)	 (in centimeters)

20, 21
January
1983	 +20.5

	
15

15, 16
December
1972	 +21.0

	
15

Warm ground area 2

Maximum	 Depth of
temperature	 measurement

measured ( CC)	 (in centimeters)

	

58.0	 10

	

59.0	 25

This work was supported by the captain, officers, and crew of
USCGC Glacier during Deep Freeze 83, to whom we are most
grateful. The research was supported by National Science Foun-
dation grants DPP 80-20002 and DPP 80-21402. Field personnel for
this study were J . R. (Harry) Keys and W. C. McIntosh; they
were in the field 20-21 January 1983.
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Kirkpatrick Basalt in the Mesa Range
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Institute of Polar Studies
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The Ohio State University
Columbus, Ohio 43210

A second season of fieldwork was conducted in the general
area of the Mesa Range between 12 November and 17 December
1982 (see figure). The objectives for the 2-year field program
included making stratigraphic studies; sampling for pe-
trological, mineralogical, geochemical, and isotopic studies;
and collecting rocks for paleomagnetic investigations.

Stratigraphic sections were measured at Mills Valley, Mount
Ballou, and Mount Masley on Pain Mesa; on Tobin Mesa; and on

Sculpture Mountain. The basal part of the basalt sequence and
the contact with the underlying rocks were examined at Agate
Peak, Mount Fazio, the Exposure Hill area, and in the upper
reaches of the Aeronaut Glacier. Diabase intrusions crop out in
the latter two areas.

The maximum stratigraphic thickness of the Kirkpatrick
Basalt is estimated to be 900 meters. A small number of flows in
the Mesa Range can be used as stratigraphic markers to corre-
late the lower part of the section. A unit of black basalt which
forms a prominent feature in the Mesa Range is also present on
Sculpture Mountain and will facilitate the correlation of the
basalt sequences between the mesas and scattered nunataks of
the upper Rennick Glacier region.

The basalts rest on volcanic breccias and volcanogenic sedi-
mentary rocks that appear to be similar to the Mawson Diamic-
tite of southern Victoria Land (Ballance and Watters 1971; Hall,
Sutter, and Borns 1982). These deposits were observed at the
base of Tobin Mesa, at the southern end of Gair Mesa, and at the
head of the Aeronaut Glacier. At each of these locations, the
Kirkpatrick Basalt disconformably overlies the volcaniclastic
rocks. At the southern end of Gair Mesa a sedimentary interbed
containing conchostracans is present near the base of the basalt
sequence. The Agate Peak locality, first described by Nathan
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northern Victoria Land.

and Schulte (1968), was reexamined but no new fossil material
was collected during the 1982-1983 field season. Interbeds com-
posed of volcaniclastic debris occur at numerous localities
throughout the Mesa Range, principally in the lower part of the

basalt sequence. Tree stumps in situ were noted at several
places.

Observations during this field season support the conclusion,
tentatively drawn last season (Elliot et al. 1982), that there is no
compelling evidence for major faulting at the head of the Ren-
nick Glacier between Exposure Hill and Vantage Hills. Nev-
ertheless, a fault probably separates Sheehan Mesa from out-
crops to the west and significant faulting undoubtedly occurs to
the north, along the Rennick Glacier.

Petrographic examination and laboratory studies of the major
and trace element composition of basalts and diabases, of the
mineral chemistry, and of the isotopic composition of these
rocks are in progress. Dating of the basalts by the argon-40/
argon-39 technique will also be attempted. The basalts and
diabases will be used to determine a paleomagnetic pole posi-
tion, to establish a record of magnetic polarity reversals, and to
study the magnetic properties of the minerals.

This study was supported by National Science Foundation
grant DPP 80-21401.
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Petrogenesis of the Kirkpatrick Basalt,
Solo Nunatak, northern Victoria Land
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Anomalously high initial strontium-87/strontium-86
(87Sr/86Sr) ratios (greater than 0.710) for the Jurassic tholeiites
(approximately 170 million years old) of the Transantarctic
Mountains have been well documented by Compston,
McDougall, and Heier (1968); Faure (1981); Faure, Bowman, and
Elliot (1979); Faure et al. (1972, 1974); Hoefs, Faure, and Elliot
(1980); Kyle (1980); and Kyle, Elliot, and Sutter (1980). These
rocks of the Ferrar Supergroup extend from northern Victoria
Land to the Pensacola Mountains and are composed of dolerite
intrusions (Ferrar Dolerite Group) and basalt lava flows
(Kirkpatrick Basalt Group). Major element data for these rocks
display normal differentiation trends when plotted on variation
diagrams. That is, positive correlations exist between Si0 2 and
Na 2O, K20, Ti0 2 , and P20 5 (Kyle 1980). Negative correlations are
observed between S'02 and calcium oxide (CaO), magnesium
oxide (MgO), and aluminum oxide (Al 20) (Kyle 1980).

Two petrogenetic models have been proposed to explain the
observed isotopic and chemical trends for these rocks: (1) con-
tamination of mantle-derived melts by the assimilation of crust-
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al material (Faure 1981; Faure et al. 1972, 1974, 1979; Faure, Pace,
and Elliot 1982; Hoefs et al. 1980) and (2) generation of tholeiites
in a heterogeneous mantle (Kyle 1980).

Faure (1981) and Faure et al. (1974, 1978) recognized sys-
tematic stratigraphic variations of the initial 87SrI86Sr ratios in the
sequences of basalt lava flows at Storm Peak and Mount Falla in
the Queen Alexandra Range. They also recognized significant
correlations between major oxide components and initial
87Sr/86Sr ratios and concluded that a crustal contaminant is pres-
ent in these rocks. They calculated that 20 to 40 percent of
contaminant may have been assimilated to produce the ob-
served isotopic and chemical variations.

Kyle (1980) rejected the contamination model in favor of the
heterogeneous-mantle model. He noted that there is a signifi-
cant gap between the observed 87Sr/86Sr ratios of the antarctic
tholeiites and the upper limit of 0.706 for the suboceanic man-
tle. He suggested that the absence of initial 87Sr/86Sr ratios below
0.7085 indicates that the subcontinental mantle sources of these
rocks may be significantly different from suboceanic mantle.
Kyle (1980) also observed that there is no strong correlation
between initial 87Sr/865r ratios and major element oxides for the
Ferrar Group rocks as a whole. In addition, he found it difficult
to accept the contamination model, because it involves such a
high degree of contamination over such a widespread area.

In an attempt to resolve this controversy, Hoefs et al. (1980)
measured 8180 values for several samples on Mount Falla. They
showed that a significant positive correlation exists between
initial 87Sr/86Sr ratios and 6 180 values and concluded that these
results reflect the assimilation of 180-rich crustal material by the
basalt magma. They calculated that the basaltic component
must have had a high initial 87Sr/86Sr ratio of approximately
0. 7093 assuming that it had 8180 value of 5.5 parts per thousand.
Their results indicate that both previously described models are
necessary to explain the petrogenesis of these basalts. That is,
the parent magma was generated from a mantle source en-
riched in radiogenic 117 Sr and was subsequently contaminated by
the assimilation of crustal material.

The present study extends the work on the Kirkpatrick Basalt
to northern Victoria Land where a thick sequence (greater than
700 meters) of tholeiitic lava flows are exposed in the Mesa
Range and surrounding nunataks. Two field seasons have been
devoted to measuring several complete sections and collecting
samples for petrographic, geochemical, and isotopic analyses.
A preliminary investigation of the 23 flows (constituting more
than 300 meters) on Solo Nunatak has been undertaken. One
sample from each flow has been analyzed for major elements,
rubidium and strontium concentrations and for strontium iso-
topes. The results are similar to those obtained for the Ferrar
Supergroup elsewhere in the Transantarctic Mountains. Nor-
mal differentiation trends as well as elevated initial 87Sr/56Sr
ratios are observed on variation diagrams for the Solo Nunatak
samples. The average initial 87Sr/86Sr ratio was calculated from 24
samples to be 0.71083 ± 0.00010 (i(r).

A positive correlation between Si0 2 and initial 87Sr/'Sr ratios
indicates that silica-rich crustal material with a high 87Sr/16Sr
ratio may have been assimilated by the basalt magma (figure). It
is also interesting to note that no initial 87Sr/16Sr ratios below
0.709 occur in the Solo Nunatak samples as was also noted
earlier by Kyle (1980) for Jurassic tholeiites throughout the
Transantarctic Mountains.

The results obtained thus far are consistent with the hypoth-
esis of Faure (1981) and Hoefs et al. (1980) that primary magma,
generated from a mantle source with an elevated 57Sr/'Sr ratio

Plot of initial 81 Sr/ 86Sr ratios (170 million years ago) versus silica for
whole-rock samples from Solo Nunatak. ("wt." denotes weight.)

(0.7093), was subsequently contaminated by assimilating crust-
al material.

The authors wish to express their thanks to David Buchanan
for his assistance during the 1982-1983 field season. The sup-
port of CONOCO, Inc., through the use of its facilities is greatly
appreciated. We are also grateful to the pilots and crew of vxE-6
for logistical support. This research was supported by National
Science Foundation grant DPP 80-21401.
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Jurassic trees engulfed by lavas of the
Kirkpatrick Basalt Group, northern
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Fossil trees preserved in growth position in lavas of the
Kirkpatrick Basalt Group were discovered in the Mesa Range
area of northern Victoria Land during the 1981-1982 and
1982-1983 field seasons (Elliot et al. 1982, Antarctic Journal, this
issue). These lavas represent the extrusive phase of the Lower
Jurassic Ferrar Supergroup. Potassium/argon (K/Ar) dating of
the Ferrar rocks yields an average age of 179 ± 5 million years
(Kyle, Elliot, and Sutter 1981). The wood of the trees from the
Kirkpatrick Basalt provides an important record of structurally
preserved plant material and of paleoclimate in Antarctica dur-
ing the Early Jurassic.

Silicified wood is commonly associated with pillow lavas and
pahoehoe toes and was described briefly by Gair (1967). At
several localities trees are in growth position with roots within
the organic-rich tops of sedimentary interbeds (figure 1).
Trunks range from 0.5 to 1 meter in diameter and up to 4 meters
or more in height. Despite the inundation of the trees by hot
lava, charring appears to have been limited (block b of figure 1).
This is probably because of rapid cooling of lavas (perhaps due
to marshy ground) and insulation of the internal wood by the
outer parts of the trunks. In well-preserved wood, the cell wall
is composed largely of silica but may be defined by small quan-
tities of dark, carbonaceous material representing remnants of
the original wall. Scanning electron microscope observations
suggest that silica grew onto helical, fibrillar structures within
the cell wall (block d of figure 2). These structures were probably
formed by early fungal delignification, and consequent opening

* Doctor Timothy H. Jefferson was killed in an avalanche on 12 Sep-
tember 1983, while working on a glaciology and climatology expedi-
tion in the Cordillera Blanca, Peru.

up, of the cell wall. Because of subsequent ordering of the silica
and oxidation of the organic material, it often appears that the
cell wall is replaced by silica. In rare cases, cells were filled
before cell walls were completely silicified and oxidation has left
silica casts of individual cells. These cell casts may be dissoci-
ated by weathering which produces a material resembling
sawdust. In some chalcedonic fossil wood (which may be greer
or orange) most areas are poorly preserved. Silica was no

Figure 1. Trees preserved in growth position. (a) Tree more than 4
meters high and 1 meter broad engulfed by a lava flow at Mount
Fazio (locality 82-4). (Photograph by D. H. Elliot.) (b) Part of a tree
about 2 meters high and 20 centimeters in diameter in a 31-meter
thick flow at Mount Fazio (locality 82-4). Note apparent charring. (c)
Tree stump 82 centimeters in diameter buried by pahoehoe toes at
the base of a 44-meter thick lava flow at Tobin Mesa (locality 82-3).
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Figure 2. Scanning electron microscope photographs of radial fracture surfaces through fossil wood. (a) Medullary rays at bottom and
Tracheids with bordered pits at top. Cross-field area is arrowed. Antarctic 81-4-W1, x 100. (b) Detail of bordered pits showing external view
(top) and view of internal casts of pits below. Antarctic 81-4-W1, x 1000. (c) Drawing from photograph showing detail of cupressoid cross-field
pitting, Antarctic 81-4-W2, x 920. (d) Helical structure within a cell wall, Antarctic 81-4-W2, x 1350.

completely confined by cell walls and mineralization was
disruptive.

Secondary mineralization in these silica-rich tholeiitic basalts
(52.5-57.5 percent silica) includes abundant coarsely crystalline
quartz and banded chalcedony, as well as minor calcite and an
abundance of zeolites. It is likely that silicification of the cell wall
in the fossil wood was a very early stage in this mineralization
because of partial decay and increase in porosity of the wall
(Jefferson 1981) and because of interaction between the organic
material and silicic acid (Leo and Barghoorn 1976). Filling of cell
lumina is likely to have occurred at a later stage.

All of the wood examined is coniferous and pycnoxylic (com-
posed of tracheids and medullary rays). In well-preserved wood
a number of small cells arranged circumferentially give an ap-
pearance of poorly defined growth rings (block a of figure 3).
These "rings" probably represent slowing of growth for a short
period of time, but files of large cells which cross the rings
indicate nearly continuous growth. All specimens with suffi-
ciently large, well-preserved areas show rings larger than 7.5
millimeters across, and the largest ring is more than 12 milli-
meters across. Since the slowing of growth is probably a re-
sponse to annual (or intra-annual) seasonal climatic fluctuation,

as is the case in modern trees, we can conclude that growth rates
were very rapid and comparable to those found in coniferous
trees from warm temperate climates. The well-defined banding
of chalcedonic wood (block b of figure 3) represents differential
silica deposition, both along these faint rings and along zones of
crushed cells. Tracheids are 30-45 micrometers in diameter.
Bordered pits on radial walls are usually uniseriate, but when
biseriate are contiguous and alternate (blocks a and b of figure
2). Medullary rays are uniseriate and up to 40 cells high (block c
of figure 3). The cross-field (where ray cells and tracheids cross)
bears 3 to 6 circular to oval pits with oblique pores ("cupressoid"
pits) (block c of figure 2). The wood can he compared, on the
basis of mixed "cupres sold "/"araucarioid" tracheid pitting and
"cupressoid" cross-field pitting, with the form genus Pro-
tocupressinoxylon (Eckhold 1922). Further study will be neces-
sary before a full formal description will be possible.

The Jurassic plant fossil record in Antarctica is confined to
leaf compression floras (lacking anatomical details) from Hope
Bay (Halle 1913), Carapace Nunatak (Plumstead 1962), and the
Orville Coast (Gee in preparation). The discovery in eastern
Antarctica of Early Jurassic structurally preserved wood sug-
gesting an earls' "mixed araucarioid/cupressoid" type is very
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Figure 3. Photomicrographs of fossil wood. (a) Transverse view of growth rings accentuated by color banding in chalcedony, Antarctic 82-3-45,
x 1. (b) Transverse view of very poorly defined ring boundary (arrowed); top of picture is toward the outside of the tree; Antarctic 81-4—W1, x
85. (C) Tangential longitudinal view showing uniseriate medullary rays, Antarctic 81-4—W1, x 170.

significant in biological terms and warrants further study. It is
also of considerable paleoclimatic interest. The poorly defined,
widely spaced growth rings indicate that temperatures and
moisture availability were conducive to growth for most of the
year. Such climatic conditions are found today only in warm-
temperature, subtropical, or tropical rain forests. The Early
Jurassic paleolatitude of northern Victoria Land was approx-
imately 600 S (Smith, Hurley, and Briden 1981). The presence of
large, almost continuously growing trees at these latitudes sup-
ports the evidence from the Permo-Triassic and Lower Crc-
tceous of Antarctica (Jefferson in press) and the Cretaceous of
Australia (Douglas and Williams 1982) for the extension of
warm, equable conditions into high southern latitudes during
the Mesozoic.

This work was supported by National Science Foundation
grant DPP 80-21401A02 to D. H. Elliot and C. Faure and by a
Harkness Fellowship of the Commonwealth Fund to T. H.
Jefferson.

References

Douglas, J. C., and G. E. Williams. 1982. Southern polar forests: The
early Cretaceous fossil floras of Victoria and their palaeoclimatic sig-
nificance. Palaeogeography, Palaeoclimatology, and Palaeoecology, 39,
171-185.

Elliot, D. H., M. A. Siders, C. Faure, and K. S. Taylor. 1982. The
Kirkpatrick Basalt, Mesa Range, northern Victoria Land. Antarctic
Journal of the U.S., 17(5), 19-20.

Elliot, D. H., C. Faure, T. M. Mensing, M. A. Siders, M. A. Haban, and

E. M. Cherry. 1983. Geological observations on the Kirkpatrick Basalt
in the Mesa Range region, northern Victoria Land. Antarctic Journal of
the U. S., 18(5).

Eckhold. 1922. Die Hoftupfel bei rezenten und fossilen Coniferen.
Jahrbuch der Kön igliche preussischen geologischen Landesanstalt u nd
Bergakademie, (Berlin), 42, 190.

Gair, H. S. 1967. The geology of the Upper Rennick Glacier to the coast,
North Victoria Land, Antarctica. New Zealand Journal of Geology and
Geophysics, 10, 309-344.

Gee, C. 1982(?). Personal communication.
Halle, T. C. 1913. The Mesozoic flora of Graham Land. Wissenschaftliche

Ergebennisse der Schwedischen Sudpolar-Expedition 1902-1903, (Stock-
holm), 3, 14.

Jefferson, T. H. 1981. Palaeobotanical contributions to the geology of
Alexander Island, Antarctica. Unpublished doctoral dissertation,
University of Cambridge, England.

Jefferson, T. H. In press. The palaeoclimatic significance of Mesozoic
Antarctic floras. In J . B. Jago, and R. L. Oliver (Eds.), Antarctic earth
sciences. Proceedings of the Fourth International Symposium on Ant-
arctic Earth Sciences, Adelaide, Australia, 1982.

Kyle, P. R., D. H. Elliot, and J . F. Sutter. 1981. Jurassic Ferrar Super-
group tholeiites from the Transantarctic Mountains and the initial
fragmentation of Gondwana. In M. Cresswell, and P. Vella (Eds.),
Gondwana V. Proceedings of the Fifth International Gondwana Sym-
posium, Wellington, New Zealand, 1980.

Leo, R. F., and E. S. Barghoorn. 1976. Silicification of wood. Botanical
Museum Leaflets, (Harvard University), 25, 1-47.

Plumstead, E. P. 1962. Fossil floras of Antarctica. Scientific Reports,
Trans-Antarctic Expedition, (London), 9, 154.

Smith, A. C., A. M. Hurley, and J . C. Briden. 1981. Paleocontinental
world maps. Cambridge: Cambridge University Press.

16	 AN1ARCTIC JOURNAL



Discovery of a Tertiary granite pluton,
northern Victoria Land

EDMUND STUMP,

JOHN R. HOLLOWAY,

and
SCOTT C. BORG

Department of Geology
Arizona State University

Tempe, Arizona 85281

RICHARD LEE ARMSTRONG

Department of Geological Sciences
University of British Columbia

Vancouver, British Columbia V6T 1W5
Canada

During the 1980-1981 field season our party undertook sys-
tematic collection of early-middle Paleozoic granitoids
throughout northern Victoria Land (Stump et al. 1982). In the
course of a subsequent strontium isotope study, we discovered
that one intrusion is Tertiary.

This unique pluton is exposed for about 5 kilometers along
the southwestern side of Mariner Glacier, immediately to the
east of the confluence of Meander Glacier (figure), where it
intrudes Bowers Supergroup at a steep angle, showing very
little contact effects.

The rock is a medium-grained granite with numerous
miarolitic cavities, suggesting a shallow level of emplacement.
It is composed of a secondary assemblage of quartz, K-feldspar,
albite, chlorite, and accessory amounts of allanite and magne-
tite. Microprobe analysis indicates that the K-feldspar is 90

	

6/El	 0

MALTA

	

\	),	PLATEAU

C	 N
C1

Tertiary
P/u ton

-- C 7

Location map of Tertiary-aged granite, Mariner—Meander Glaciers
area.

percent orthoclase, 10 percent albite (0rq iAb i0), that the albite is
Ab98 and that the chlorite is iron-rich. Rims of the magnetite are
95 percent megnetite, 5 percent ulvospinel (MtqUvsp), but
their cores are Mt 70Uvsp 30 , perhaps indicating primary and sec-
ondary phases of this mineral.

The original assemblage appears to have contained two feld-
spars, plus quartz. The chlorite presumably was biotite. The
allanite apparently has been undisturbed by secondary effects.

The granite has a minimum melt bulk composition with 75
weight percent silica (Si0 2) and very low magnesium oxide
(MgO) and calcium oxide (CaO). It is slightly peraluminous
with 0.9 weight percent normative corundum.

The data from the rubidium/strontium (Rb/Sr) analyses are
summarized in the table (X = 1.42 x 10 11 for Rb). Although the

Analytical data

Initial87 Rb	87 Sr
Sample	Sra	Rb	 Age'	87S 86S  	86S 	 865r

ETTC	16.2	218	39.1	0.7195
whole rock

9 ± 1	0.7148
ETT	 43.4	179	11.93	0.7162

chlorite

a In parts per million.
In millions of years.
"ETT" denotes sample number.

date of 9 ± I million years may not represent the primary
crystallization of the magma, there is no doubt that this rock is
of Tertiary age and not a part of the Cambro-Ordovician Granite
Harbor Intrusives or the Devonian Admirality Intrusives. Even
if we assume a lowest possible initial ratio (0.704) the age of the
whole rock cannot exceed 28 million years. The high initial Sr
ratio (0.715) may indicate that the source of the magma was
partially melted lower crust, with little or no contamination
from mantle basalt.

Alkaline basalts and trachytes of the McMurdo Volcanics,
locally part of the Hallett Volcanic province, crop out at numer-
ous localities from Cape Adare to Mount Melbourne (Hamilton
1972; Nathan and Schulte 1967, 1968; Riddols and Hancox 1968).
Locally much of the Malta Plateau, across Mariner Glacier from
the Tertiary pluton, is bordered by these volcanics. Dates on
McMurdo Volcanics throughout northern Victoria Land range
from less than 100,000 years to 8 million years, with one ques-
tionable date of 15 million years in the Nathan Hills (Armstrong
1978; Kreuzer et al. 1981).

It seems likely that the McMurdo Volcanics provided heat for
generation of the granite melt, but the source regions for the
mafic and silicic magmas may have been distinct (mantle vs.
lower crust).

This research was supported by National Science Foundation
grant DPP 80-19991.
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Paleontology of the Lower Paleozoic
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Brachiopods with Australian and New
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During the austral summer of 1981-1982, we investigated the
paleontology of the Bowers Supergroup of northern Victoria
Land (figure 1) as event K20 of the New Zealand Antarctic
Research Program. Although it was under New Zealand spon-
sorship and had two New Zealand members, the team had an
international composition because it also included an Aus-
tralian and an American. Much of the season we worked in
close cooperation with members of event K19 (M.G. Laird, J . D.
Bradshaw, C. J . D. Adams, and K. Sullivan) who were studying
the sedimentology and physical stratigraphy of the same se-
quence of Lower Paleozoic rocks.

Transportation was primarily by motor toboggan-drawn
sledge and during the period 17 November 1981 through 3
January 1982 we covered some 1,200 kilometers. Our fieldwork
was aided substantially by the availability of helicopter support
for establishing food and fuel depots and for geological recon-
naissance of outlying areas.

Our principal objective was to make fossil collections that
would better constrain the age of the Bowers Supergroup and
its various formations. In this we were successful and short
accounts are available (Cooper, Jago, and Rowell 1982b; in
press). In outline, it is now apparent that the oldest beds of the
supergroup are much younger than had previously been
thought. The base of the Sledgers Group (figure 1) is unlikely to
be older than Middle Cambrian. Earlier views regarded these
basal beds of the "Bowers Trough" as Vendian (Cooper et al.
1982a; Laird 1981; Laird, Bradshaw, and Wodzicki 1982; Tessen-
sohn et al. 1981), an age based upon acritarchs that are now
known to range into post-Vendian rocks (Vidal in Cooper et al.
in press). This revised date for the initiation of deposition in the
trough has considerable paleogeographic implication. Further-
more, it alters our perception of the magnitude of the strati-
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Figure 1. Stratigraphic subdivision and age of the Bowers Super-
group (after Cooper et al. in press).
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graphic break beteen the Sledgers and Mariner groups (figure
1), (Cooper et al. in press; Laird and Bradshaw in press). There
is no longer any reason to suspect a significant hiatus between
them, and we presently consider that sedimentation was essen-
tially continuous across their boundary, which is of late Middle
Cambrian age.

Poorly preserved inarticulate brachiopods had previously
been recorded from near this boundary (Cooper et al. 1982a)
but although they provided some broad age constraints they
yielded no information on provincial affinity. Our recent field-
work, however, has produced collections that with acetic or
formic acid treatment yield modest samples of phosphatic-
shelled inarticulate brachiopods. The best preserved samples to
date are from the thick limestone bed within the Spurs Forma-
tion on the northeast side of Reilly Ridge. (The outcrop is
illustrated by Laird et al. 1982, fig. 66.4.) The brachiopod fauna
is dominated by the acrotretid Stilpnotreta cf. magna Henderson
and MacKinnon (figure 2) but includes specimens of Treptotreta
sp. and fragmentary Picnotreta sp. together with unidentifiable
pieces of lingulides. The Stilpnotreta is very similar to that re-
cently described by Henderson and MacKinnon (1981). The
ventral valves are virtually indistinguishable but grooves in the
dorsal propareas of our material are much less conspicuous
than those of S. magna itself. The known range of these taxa
would date this part of the Spurs Formation as within the span
of latest Middle Cambrian to middle early Late Cambrian (with-
in the zones of Leiopyge laevigata through Cyclagnostus
quasivespa). Furthermore, these taxa also show that the
brachiopod fauna had strong affinities with that of Australia

a
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Figure 2. Stilpnotreta cf. magna Henderson and Mackinnon. Scan-
ning electron microscope photographs of material from locality
Ml 16, Spurs Formation, Reilly Ridge. (a) and (b) Stereopair of obliq-
ue view of dorsal valve interior, x 50. (C) Dorsal valve exterior, x 50.
(d) Oblique view of ventral valve interior with bifid dorsal surface of
pseudointerarea, x 50.

and New Zealand. All three genera are known from the Tasman
Formation of New Zealand and occur in Queensland (Hender-
son and MacKinnon 1981). Other than this new antarctic record
they have not been noted from elsewhere but their presence in
China might be anticipated.

The only other brachiopods that have previously been record-
ed from the Spurs Formation are the middle Late Cambrian
(Idamean) taxa Schizarnbon reticulatus MacKinnon, Bilhingsella
sp., and a form referred to Prototreta(MacKinnon in Shergold et
al. 1976). The latter species would today be better placed in
Treptotreta and is the only endemic element with Australian
affinities. Billingsella and Schizambon are both relatively cos-
mopolitan genera.

That some of the Idamean brachiopods show affinities with
Australian taxa is hardly surprising for many of the trilobites
from this level are forms that are known also in Australia,
China, and Kazakhstan (Shergold et al. 1976). The strongly
provincial older brachiopod fauna is less expected for although
the late Middle and early Late Cambrian trilobites from the
Spurs Formation include some provincial Australian forms
[e.g., Paleodotes cf. italops Opik and "Am photon" sp. (Cooper et al
1976, 1982a)], the fauna from this part of the sequence is domi-
nated by more cosmopolitan taxa like the agnostoids and the
polymeroid genera Centropleura and Pianaspis. The reason for
this seeming change in the level of endemism from low to high
in the Spurs Formation is not immediately apparent. It is con-
ceivable that it reflects changing water depth and ease of com-
munication with the open ocean. The Spurs Formation is
known to be part of a shallowing-upward sequence (Andrews
and Laird 1976) and the more cosmopolitan taxa are more
abundant in its lower beds. It also is conceivable that the pattern
is an artifact produced by small sample size. We hope our new
collections will resolve the problem when they are fully pre-
pared and evaluated.

Rowell is indebted to the National Science Foundation for
transportation to New Zealand and Jago acknowledges a similar
debt to the Australian National Antarctic Research Expedition.
We are all grateful to the Antarctic Division of the New Zealand
Department of Scientific and Industrial Research who sup-
ported the fieldwork on which this report is based.

References

Andrews, P. B., and M. C. Laird. 1976. Sedimentologv of a Late
Cambrian regressive sequence (Bowers Group), northern Victoria
Land, Antarctica. Sedimentary Geology, 16, 21-44.

Cooper, R. A., J . B. Jago, D. I. MacKinnon, J. E. Simes, and P. E. Brad-
dock. 1976. Cambrian Fossils from the Bowers Group, northern Vic-
toria Land, Antarctica (Preliminary Note). New Zealand Journal of
Geology and Geophysics, 19, 283-288.

Cooper, R. A., J. B. Jago, D. I. MacKinnon, J. H. Shergold, and C. Vidal
1982a. Late Precambrian and Cambrian Fossils from northern Victoria
Land and their stratigraphic implications. In C. Craddock (Ed.), Ant-
arctic geoscience. Madison: University of Wisconsin Press.

Cooper, R. A., J . B. Jago, and A. J. Rowell. 1982b. Age and correlation of
the Cambro-Ordovician Bowers Supergroup, northern Victoria Land.
In P. R. James, J . B. Jago, and R. L. Oliver (Eds.), Fourth International
Symposium on Antarctic Earth sciences, Adelaide, Australia, 1982, Vol-
ume of Abstracts.

1983 REVIEW	 19



Cooper, R. A., J. B. Jago, A. J . Rowell, and P. Braddock. In press. Age
and correlation of the Cambrian—Ordovician Bowers Supergroup,
northern Victoria Land. In R. L. Oliver, J. B. Jago, and P. R. James
(Eds.), Antarctic Earth Science, Australian Academy of Science,
Canberra.

Henderson, R. A., and D. I. MacKinnon. 1981. New Cambrian inar-
ticulate Brachiopoda from Australasia and the age of the Tasman
Formation. Alcheringia, 5, 289-309.

Laird, M. C. 1981. Lower Paleozoic rocks of Antarctica. In C. H. Hol-
land (Ed.), Lower Paleozoic of the Middle East, Eastern and Southern
Africa, and Antarctica. New York: John Wiley and Sons.

Laird, M. C., J . D. Bradshaw, and A. Wodzicki. 1982. Stratigraphy of
the Upper Precambrian and Lower Paleozoic Bowers Supergroup,

northern Victoria Land, Antarctica. In C. Craddock (Ed.), Antarctic
geoscience. Madison: University of Wisconsin Press.

Laird, M. C., and J . D. Bradshaw. In press. New data on the Early
Paleozoic Bowers Supergroup. In R. L. Oliver, J . B. Jago, and P. R.
James (Eds.) Antarctic Earth Science, Australian Academy of Science,
Canberra.

Shergold, J . H., R. A. Cooper, D. I. MacKinnon, and F. L. Yochelson.
1976. Late Cambrian Brachiopoda, Mollusca, and Trilobita from
northern Victoria Land, Antarctica. Palaeontology, 19, 247-291.

Tessensohn, E, K. Duphorn, K. Jordan, G. Kleinschmidt, D. Skinner,
U. Vetter, T. 0. Wright, and D. Wyborn. 1981. Geological comparison
of basement units in North Victoria Land, Antarctica. Geologisches
Jahrbuch, 41, 31-88.

Sedimentary petrology of Permian-
Triassic fluvial rocks in Allan Hills,

central Victoria Land

JAMES W. COLLINSON and DEANA CHAPMAN PENNINGTON

Institute of Polar Studies
The Ohio State University

Columbus, Ohio 43210

NOEL R. KEMP

Tasmanian Museum and Art Gallery
Hobart, Tasmania, Australia 7001

Sedimentologic studies of Permian-Triassic fluvial rocks in
Allan Hills (76°42'S 159°50'E) were conducted to compare the
sequence there with equivalent sequences elsewhere in Victoria
Land. The Allan Hills sequence, first described and mapped by
Ballance (1977), was found to be greatly similar to the strati-
graphic section described by McElroy (1969), Barrett, Grindley,
and Webb (1972), and McKelvey et al. (1972) in southern Vic-
toria Land, but dissimilar to equivalent rocks in northern Vic-
toria Land (Collinson and Kemp 1982). The stratigraphic se-
quence in Allan Hills is shown in figure 1.

A five-person field party, including Collinson and Kemp,
B. L. Roberts (geologic field assistant), and W. H. Hammer and
J. M. Zawiskie (vertebrate paleontologists), worked from 8-15
January 1982 from a tent camp emplaced by helicopter from
McMurdo Station. Stratigraphic sections of each formation were
measured, described, and sampled. More than 750 crossbed-
ding directions were analyzed to determine paleocurrent dis-
persal. Figure 2 was compiled from modal analysis by Chapman
of 29 thin sections.

The lowest stratigraphic unit exposed in the Allan Hills, the
upper 73 meters of the Permian Weller Formation, is repre-
sented by meandering stream, floodplain, and floodbasin de-
posits. These consist of 5 to 10 meter-thick fining-upward cycles
of feldspathic sandstone, carbonaceous shale and coal. Point-
bar accretion beds dip 10-15° and extend from top to bottom of

sandstone units (figure 3). Fifty or more measurements of
trough crossbedding and of ripple mark directions within each
sandstone unit at several localities indicate flow generally to-
ward the west; dispersal varies as much as 180° from one cycle to
another. Large coalified and silicified logs and Glossopteris leaves
are locally abundant. Coal beds, up to 2 meters thick, are of high
rank because of heating by the intrusion of Jurassic Ferrar
Dolerite.

An abrupt change in lithology and one to three well-de-
veloped ferricrete horizons at the top of the Weller Formation
suggest that a major disconformity separates the Weller and the
overlying Feather Sandstone.

The lower Feather Sandstone (120 meters thick), which is a
massive cliff-forming, medium-grained, quartzose sandstone,
was deposited by sand-dominated braided streams. Vertical-
tube (Skolithos) burrows, also noted by Ballance (1977), 0.5 cen-
timeters in diameter and 20-30 centimeters long, are abundant.
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Figure 2. Triangular composition diagram indicating mean sand-
stone composition of: "A" denotes Weller Formation; "B" denotes
Lower Feather Formation; "C" denotes Upper Feather Formation,
Fleming Member; Lashly Formation, units A + B; "E" denotes Lashly
Formation, unit C; and "F" denotes Lashly Formation, unit D.

Similar structures have been reported in the Feather Formation
in southern Victoria Land by Barrett, Grindley, and Webb
(1972).

A ferruginous horizon at the top of the lower Feather may
represent a regional disconformity separating Permian from
Triassic. This level marks the lowest appearance of volcanic
detritus in the sequence, an abrupt change in mean paleocur-
rent direction from west-northwest to north, and a change from
homogenous sandstone to cyclical sandstone and shale. The
change in paleocurrent direction has been documented at sev-
eral localities in southern Victoria Land by Barrett and Kohn
(1975). The upper part of the Feather Formation (53 meters
thick) is here assigned to the Fleming Member of the Feather
Formation as suggested by Barrett et al. (1971) in southern
Victoria Land. Kyle (1977) noted the occurrence of Lower Tri-
assic palynomorphs in the upper part of the Fleming Member.

The Lashly Formation (325 meters thick) can be divided into
four members, which are similar to members A-D described by
Barrett and Kohn (1975) for areas to the south. The base of the
formation is marked by a decrease in grain-size and an abrupt
increase in volcanic detritus, which gives the generally fine-
grained sandstone a greenish tint and slope-forming charac-
teristics. The Lashly appears to be conformable with the under-
lying Feather, but a ferruginous horizon at the contact suggests
the possibility of a disconformity. The northerly paleocurrent
direction remains unchanged across the boundary but gradu-
ally swings to northeast higher in the Lashly.

Member A (49 meters thick) is represented by fining-upward
cycles of medium- to fine-grained volcaniclastic sandstone and
greenish-gray siltstone and mudstone with abundant root
casts. Mud drapes on some rippled sandstone surfaces contain
mudcracks, indicating subaerial exposure. Sedimentary cycles
in member A and in the underlying Fleming Member are similar
to cycles described from the lower Fremouw Formation of sim-
ilar age in the central Transantarctic Mountains by Barrett (1969)

- -',

Figure 3. Point-bar accretion beds in Weller Formation. Beds dip
from right to left in center and foreground.

and Collinson, Stanley, and Vavra (1981). Deposition probably
occurred in low sinuosity braided streams on a muddy
floodplain.

Member B (54 meters thick), a massive medium- to fine-
grained volcaniclastic sandstone containing abundant fossil
logs, was deposited by sand-dominated, braided streams.

Member C (137 meters thick) consists of fining-upward cycles
of medium- to fine-grained volcaniclastic sandstone, car-
bonaceous siltsone and mudstone, and coal. Well-developed
point-bar accretion beds indicate deposition by high sinousity
streams. Carbonaceous beds contain abundant fossil plants of
the Middle to Upper Triassic Dicroidium flora, which has been
described from the Allan Hills by Townrow (1967).

Member D (85 meters thick) represents a' major lithologic
change from the volcaniclastic sandstones of members A-C, to
quartzose sandstone (figure 2). The member consists of thick
fining-upward cycles of resistant crossbedded sandstone and
carbonaceous siltstone and shale with the Dicroidium flora. The
highest part of the Lashly in the Allan Hills is a 36-meter-thick
resistant coarse- to medium-grained sandstone. A spectacular
unconformity (figure 1) with local relief of 500 meters occurs
between the Lashly, Feather, and Weller Formations and the
Mawson Formation of Jurassic age (Ballance and Watters 1971).

As noted by Barrett and Kohn (1975) in southern Victoria
Land, the Triassic sequence in the Allan Hills is strikingly sim-
ilar to the Fremouw and Falla Formations in the central Trans-
antarctic Mountains (Barrett 1969; Collinson, Stanley, and
Vavra 1981). This similarity and similarities in dispersal direc-
tions suggest that Triassic fluvial systems may have occupied a
single elongate depositional basin.

This work was supported by National Science Foundation
grant DPP 80-20098.
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The Gondwana System exposed at Allan Hills, southern Vic-
toria Land, consists of flat-lying rocks of continental prove-
nance that range in age from Permian to Jurassic. Two units are
recognized: a lower one, the Victoria Group, mainly fluvial
clastics, and an upper, the Ferrar Group, of volcanic origin.

During the 1982-1983 field season, our investigation centered
on the stratigraphy and paleontology of the Victoria Group, as it
was deposited while the ancient Gondwanaland was still unit-
ed. Correlation of Gondwana rocks of southerly continental
masses is traditionally based largely on fossils of land plants,
but remains of terrestrial animals offer finer resolution as new

occurrences are found. While we found no vertebrate fossils,
we did succeed in collecting a comprehensive suite of plant
fossils of very high quality. This material will enhance the cur-
rent basis of biostratigraphic zonation and may also provide
new details of gross morphology of the Gondwana flora of
Antarctica.

The stratigraphy of Allan Hills was discussed by Ballance
(1977), Borns and Hall (1969), and Gunn and Warren (1962). (See
figure 1.) The outcrop is in the shape of a crescent, the horns
pointing nearly due north to enclose the blue ice of the bay
(approximate coordinates 76°62'S 159°40'E). The arch of the
crescent has a tail-like projection which is directed to the south-
west. Topography produces a repetition of beds, the oldest in
the central valley region, south and southwest of the bay. Pa-
leocurrent vectors indicate flow to the northwest over most
areas. The age of the different formations is based on plant
fossils of the Glossopteris flora, which indicate Permian age, and
the Dicroidium flora of Triassic age (Townrow 1967). The follow-
ing is the sequence of Gondwana rocks in the Allan Hills as
currently understood.

1. Feistmantel Formation (Permian). Unlike other Gondwana
basins in Antarctica, the basal tillite bed (Metschel Formation) is
absent here. The oldest mappable unit, recognized by Ballance
(1977) is a 30-meter thick Fiestmantel Formation. The dominant
lithology is laminated shale and fine sandstone which are com-
monly in rhythmic alternation. The beds are parallel or micro-
crosslaminated, with occasional large-scale cross-bedding. On
weathered sandstone surfaces, dome-shaped, concentric struc-
tures from 0.5 to 2 meters across are common. They are usually
brown in color and may represent algal mats. Leaf impressions
of both Glossopteris and Gangamopteris are found in the shale. A
thin conglomerate occurs at the base and contains faceted gra-
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Figure 1. Geological map of Allan Hills (after Ballance 1977); Black circles Indicate new fossil localities. ("km" denotes kilometer.)

nitic clasts which may suggest reworking from an underlying
tillite.

2. Weller Formation (Permian). The Weller consists of con-
glomerate, arkosic sandstone, shale, and coal, in fining-up-
wards cycles. The formation is about 50-80 meters thick and is
easily recognizable from its coal-bearing horizons. There are at
least 10 coal seams encountered in a measured section, the
thickest one about 3 meters. Near the tops, some coal seams are
roughly lenticular, elongate "pods" of fine clastic material that
suggest mud or ash flows. They are very dark black from dis-
seminated carbon and contain bits of charcoal. Because they
weather white, they are reminiscent of the "White Band" of the
South African Dwyka Series. Petrified logs and stumps are
common in the sandstone. The stumps are frequently shot
through with zones of charcoal, and the logs are almost univer-

sally encrusted with charcoal, as though they collectively repre-
sent the remains of a forest fire.

An extensive plant-fossil-assemblages sample was collected
from the green and gray shale immediately below the second
level of coal from the bottom of the Weller. The flora includes
Glossopteris, often associated with stems and fructifications, and
ginkgoales and equisetaleans are also present (figure 2, blocks
a, b, and c) Glossopteris leaves are considered to have been
deciduous because of the widespread abundance as "autumnal
banks" (Plumstead 1952).

3. Feather Formation (Triassic). The Feather consists of a mas-
sive, 300-meter-thick, pebbly conglomerate interbedded with
sandstone, succeeded by a light green siltstone. Large-scale
stratifications are common. It is devoid of coal and fossils, and
its Triassic age is tentative.
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copyrite) associated with wood fossils indicates a strong reduc-
ing environment.

5. Mawson Formation (Lower Jurassic). The Triassic strata are
overlain disconformably by the Mawson Formation which con-
sists of diamictite, originally thought to be a tillite (Gunn and
Warren 1962) but now interpreted as a laharic deposit of basaltic
composition (Borns and Hall 1969). Sedimentary interbeds in
the adjacent Carapace Nunatak have yielded diverse biota of
crustaceans, insects and plants; radiometric ages of the volcanic
indicate Lower Jurassic (185 million years) age (Ball et al. 1979).

6. Ferrar Formation (Upper Jurassic). The Victoria Group is in-
truded by sills and dikes of Ferrar dolerite. Grapes, Reid, and
McPherson (1974) discussed the mechanism of emplacement of
the tholeiitic sills and dikes in this area. The shallow intrusion of
dolerite sills into the porous and permeable Permo-Triassic
rocks resulted from volcanic mud flows and explosion breccias.

The research is supported by National Science Foundation
grant DPP 81-07152. We thank George Jacobson and Bryan J.
Small for assistance in the field, Michael W. Nickell for illustra-
tion and Kathy Hinson for photography.
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Figure 2. Plant fossils from Allan Hills. (a) Glossopteris; (b) seed of
Glossopteris; (C) ginkgoales; (d) D!croid!um; (e) equisetalean. a—c:
from Permian Weller Formation. d—e: from Triassic Lashly Forma-
tion. ("cm" denotes centimeter.)

4. Lashly Formation (Triassic). This 60-120-meter-thick unit
consists of a cyclic sequence of sandstone, siltstone, car-
bonaceous shale, and coal. Petrified logs are very abundant,
usually encrusted with charcoal as in the Weller. Unlike the
Weller, however, petrified stumps in a position of growth were
not observed in the Lashly. A rich flora of Dicroidium and related
pteridosperms, equisetaleans, and several unidentified taxa,
associated with possible arthropods and unionids, were found
in a gray shale (figure 2, blocks d and e). Beautiful equisetaleans
were also recovered from a white siltstone horizon. A local
concentration of sulfide minerals (mainly pyrite and chal-
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A reconnaissance of the ice-free valleys in southern Victoria
Land, Antarctica was undertaken during the last portion of the
1982-1983 field season to select sites where long-term exposure
studies will be conducted during subsequent years. The pur-
pose of these long-term studies is to quantify the nature and
rate of physical and chemical weathering mechanisms currently
operating in the dry valleys.

In addition to the survey of potential test sites, a single,
limited experiment was conducted to proof-test hardware and
deployment techniques. Although the results of the winter
experiment will yield far more valuable data, results from this
16-day deployment are promising and consistent with laborato-
ry and field studies in other areas.

The single test site was deployed on 10 January 1983 and
partially redeployed on 26 January 1983. The site is located at
the southern margin of the field of sand dunes in eastern Vic-
toria Valley east and slightly north of Lake Vida (Calkin, 1964,
1971; Calkin and Rutford 1974; Lindsay 1973; Selby et al. 1974).
The site is approximately 1.8 kilometers SSE of the tip of Packard
Glacier (not visible from site) at 77°22'30"S 162°09'30"E. Sand
collectors were deployed at nominal heights above mean
ground level of 7, 14, 21, 35, 70, and 140 centimeters, facing the
four cardinal directions. Abrasion targets of basalt, nonwelded
tuff, and sandstone, 2.5 centimeters in diameter and mounted
on 7.6-centimeter "elevator bolts," projected 6 centimeters out
from an aluminum framework that held them at nominal
heights of 7, 14, 21, 35, and 70 centimeters above mean ground
level. These targets also faced north, east, south, and west.
Figure 1 shows the site prior to collection of samples after 15.69
days exposure. Two samples of each material were deployed at
each height and in each direction. One of each pair was returned
in January; the other will be examined after next season. The
results reported here are for the initial, short-term sample.

Figure 2 shows the material trapped by the sand collectors for
each height from which a measurable amount of sand was
recovered. The smallest measured amount was 0.12 grams at
140 centimeters height—losses from other samples did not
greatly exceed this minimum recovery. The relative mass as a
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Figure 1. Abrasion test site, Victoria Valley dunes. Sand collectors on left, abrasion targets on right. Target holder is 1 meter square.
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Figure 2. Mass (in grams) trapped by sand collectors as function of
height (in centimeters) above ground for four cardinal directions, in
15.69 days (15 days, 16 hours, 30 minutes). Bars reflect change in
mean ground surface caused by movement of ripples through site.

function of direction (north equalled 12%, east equalled 64%,
south equalled 2%, and west equalled 22%) reflects the direc-
tional frequency of winds capable of transporting sand during
the collection period. Without continuous anemometry, only
estimates of wind speed are possible—during 5 days of observa-
tion, sand-moving wind speeds averaged approximately 28-32
kilometers per hour, with particles probably moving about
80-90 percent of that speed (approximately 5-8 meters per sec-
ond) (Greeley et al. 1982).

Five control specimens of each of three types of material
(basalt, non-welded tuff, sandstone) were transported to Ant-
arctica and returned without exposure. These samples experi-
enced mass changes of 3-15 milligrams, averaging about 5 milli-
grams for the basalt and sandstone and 8 milligrams for the
non-welded tuff. As a conservative criterion, only abrasion tar-
gets that exhibited mass losses in excess of 10 milligrams were
used to determine abrasion rates. Ten tuff (north at 7, 14, and 21
centimeters; east at 7, 14, 21, 35, and 70 centimeters; south at 7
centimeters; and west at 7 centimeters), three basalt (north at 7

centimeters, east at 7 centimeters, and west at 7 centimeters),
and no sandstone specimens met this criterion. Largest mass
loss for the tuff was 51 milligrams (east at 7 centimeters) and for
basalt, 16 milligrams (east at 7 centimeters). Average suscep-
tibility to abrasion (mass lost/mass flux, normalized for area and
time) for the tuff was about 2.5 x 10, and for the basalt about 2
X 10 4, comparable to values determined in laboratory (Greeley
et al. 1982) and other field studies.

Average abrasion mass loss within the lower portion of sand
movement (less than 15-25 centimeters) was approximately 3.8
X 10 grams per square centimeter per day for the tuff and 1.7
X i0 grams per square centimeter per day for the basalt,
equivalent to an average loss of 3 micrometers and 0.7 microme-
ters per day, respectively. The values represent approximate
maximum rates of abrasion in the present ice-free areas and are
restricted to locations of abundant, mobile surface sand. Better
knowledge of the frequency of winds (i.e., number of days that
winds blow at average determined for 16-day test) and observa-
tions in areas of lower sand flux are needed before these rates
can be used to assess past abrasional environments. Sites to be
established during the 1983-1984 field season will acquire these
data over necessarily extended periods of exposure.

M. C. Malin and S. H. Williams conducted field study in the
dry valleys from 30 December 1982 through 26 January 1983.
Sand and sample measurements were made by D. Michna. We
are appreciative of the assistance of Rich Littke, Terry Turner,
Larry Conrad, Jeff Keho and their crews in site survey and
sample collection. This work was supported by National Sci-
ence Foundation grant DPP 82-06391.
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Sediment features in the drift of Lake
Bonney basin, Taylor Valley
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During the 1982-1983 summer field season,, as part of a con-
tinuing investigation on the glacial history of Taylor Glacier, we
re-examined sites within the surficial drift of Lake Bonney
basin. This article reviews the sediment character of the drift
surrounding the snout of Taylor Glacier and shores of Lake
Bonney (figure 1). Of particular importance are the nonsorted,
terrigenous sediments (diamictons) that are assumed to be de-
posited directly from ice and thus are valuable for determining
the past behavior of Taylor Glacier.

The drift forms an almost complete cover to the underlying
bedrock in the valley bottom and is composed of laterally varia-
ble lithologies. Within the drift, certain facies associations and
sediment features are recognized to have analogs in the modern
depositional environment along the margin of Taylor Glacier. By
comparing features in the drift with similar features in the
glacial debris, it may be possible to reconstruct part of the
depositional history of the drift in upper Taylor Valley.

(\
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Figure 1. Location map of Lake Bonney basin in upper Taylor Valley,
Antarctica.

This study is based on the sedimentological features observed
in sections north and south of Taylor Glacier snout, along the
valley slopes surrounding Lake Bonney, and down-valley to the
Lacroix Glacier (see figure 1). Drift sections vary in thickness
from 2 to 30 meters, depending on the depth to permafrost and
the extent of stream channel erosion. Most sections consist of
diamicton units interbedded with stratified sand and gravel.
The diamicton commonly forms the upper portion of the drift
profile and consists of poorly sorted mud, sand, and gravel of
varied composition. The stratified sands and gravels form dis-
continuous units widely variable in sediment character and
thickness. These units exhibit features common to fluvial
deposition.

The following four features of the diamicton are considered
good indicators of the depositional facies of glacial sediment.

1. "Bed form" not only refers to the shape and size of sedi-
mentary bodies but also to the physical association of these
bodies and the nature of the contacts between them. The di-
amicton units in the drift of upper Taylor Valley range from
sheet to lense structures. A sheet diamicton varying laterally, in
both thickness and lithology, occurs along the northern valley-
side, between Taylor and Rhone Glaciers. This sheet forms the
present drift surface and is in sharp, but apparently con-
formable, contact with underlying sands and gravels.
Elsewhere, the diamicton is poorly exposed but still appears to
form sheets. The lensoid diamicton units are less common and
occur only as discrete bodies within the stratified sands and
gravels.

2. Sedimentary structures within the diamicton units are
generally restricted to bedding and jointing. Most bedding is
poorly developed and confined to a few undulating, moder-
ately poorly sorted, sandy silt laminae throughout the diamic-
tons. These laminae are usually developed subparallel to the
drift surface and occasionally deformed into weak convolute
and isoclinal folds. Similar structures are presently developing
along the margin of Taylor Glacier where basal debris is modi-
fied by flow, slumping, and water washing during deposition.

Some diamictons have well-developed bedding, formed of
silt and fine sand laminae, which on occasions are deformed
around and disrupted by scattered pebbles and boulders. Sim-
ilar bedding features have been described in waterlain tills by
Dreimanis (1976).

Sediment splitting, or fissility, developed because platy and
blocky jointing occurs in the sand and mud matrix of some
diamictons. The jointing is generally subhorizontal and later-
ally discontinuous and is present, to varying degrees, in both
modern and ancient drift sequences. Shaw (1977) ascribed this
fissile structure to the preservation of debris ice foliation in
sublimation till. However, this fissility is recognized in most
diamicton types (including flow tills and waterlain tills) but
occurs most frequently in those with high mud content. The
high moisture retention capacity of these muddy diamictons
coupled with the strong freeze-thaw action experienced in the
proglacial environment may be sufficient to produce such
splitting.

3. Preliminary grain-size analyses of selected drift samples
from the Lake Bonney basin are presented in a ternary diagram
of percentage of gravel, sand, and mud (figure 2). The majority
of sections sampled contain diamictons that are "gravelly mud-
dy sands" (after Folk 1954). However, the wide variety in sedi-
ment type suggests that a number of processes were in opera-
tion during the deposition of the drift. When compared with
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GRAVEL

Figure 2. Textural classification using gravel, sand, and mud end
members. The small ternary diagram Is Folk's (1954) textural classi-
fication. The broken lines are approximate boundaries between sed-
iment types i—V. The numbered samples are represented as modal
frequency curves in figure 3.

modern glacial debris from Taylor Glacier (Robinson 1979), the
drift can be separated into five sediment types best recognized
on modal frequency curves (figure 3).

Type I sediment, predominantly sand with a mode at 1.5-2.0
4) (figure 3) compares with debris from modern polar su-
praglacial and proglacial fluvial environments (Robinson 1979).
Sediment types II and III have broader sand size distributions
with tails in the mud and gravel fractions (figure 3). These

2	 131o0
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13179
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mom	 ML

13300
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12	 13291
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Grain size in phi (0) units

GRAVEL	I SAND	I	MUD

Figure 3. Modal frequency curves for selected types (I—V) of drift
from the Lake Bonney basin. Victoria University of Wellington cata-
log sample numbers occur on left side.

sediments compare with meltout debris from Taylor Glacier.
However, higher sand content in type II sediment suggests
slight winnowing of basal debris resulting from dewatering or
flow during deposition. Type IV sediment (figure 3) has a more
even size distribution and probably reflects deposition of basal
debris with little modification. While no modern equivalent of
type V sediment (figure 3) has been observed in Taylor Valley,
the sediment with a broad mode in the mud fraction does have
characteristics similar to para- (or waterlain) tills described by
Dreimanis (1976). The high proportion of mud in this sediment
is inferred to result from suspension deposition in either a
marine or, more likely, a lacustrine environment. Thus, the
term diamicton can be replaced by "flow till," "meltout till,"
"lodgement till," and "waterlain till" for sediment types II, III,
IV, and V respectively.

4. Pebble fabric measurements were completed at 14 sites
within the upper valley. Preliminary assessment of the array of
fabric directions, strengths and types encountered indicates a
general long-axis orientation subparallel to the valley axis with a
slight up-valley dip suggesting deposition by Taylor Glacier ice.
Fabrics at variance with this mode occur within tills that on
textural criteria appear to have undergone either depositional
or postdepositional modification. These fabrics probably result
from the deposition of ice-rafted gravel through water, or from
slumping, flow, or postdepositional "frost heave."

Along the northern margin of lower Taylor Glacier melt
streams draining the Rhone Glacier have exposed up to 10
meters of the sequence. Closely spaced sections in the channels
give good coverage of exposed drift enabling a reasonable inter-
pretation of the sedimentation history for this part of the valley.
In the western Rhone streams, the diamicton or till sheet forms
an unbedded unit with a very poorly sorted, muddy sand
matrix, containing scattered boulders and pebbles. These fea-
tures are characteristic of meltout till presently under deposi-
tion along the margin of Taylor Glacier (Robinson 1979). In the
eastern streams, the till is composed of an extremely poorly
sorted, sandy mud matrix with well-distributed boulders and
pebbles. Here the till commonly has silt and sand laminae
deformed by the boulders and pebbles; such features are as-
cribed to subaqueous flow tills and waterlain tills. The presence
of well-sorted, stratified sands and gravels that overlay these
tills and have a deltaic surface form also suggests a subaqueous
environment of deposition for parts of the sequence.

In conclusion, the association of meltout, waterlain, flow, and
lodgement tills with outwash is believed to represent past local
fluctuations of the Taylor Glacier ice margin and the level of
Lake Bonney. The interbedding of coarse sands, gravels, and till
suggests an environment in which the intensity and type of
depositional processes were highly variable. The age of this
sequence is still uncertain. Reworked carbonate clasts in a sec-
tion in front of Lacroix Glacier yield a uranium/thorium age in
excess of 300,000 years (Hendy et al. 1979), thus indicating an
upper age limit. Carbon-14 dates of perched deltas resting on
the surface till range from 12,700 to 16,400 years ago. Field
relations of Taylor and Alpine moraines in the upper valley
suggest that the sediments under investigation were probably
deposited during the Taylor III advance of Denton, Armstrong,
and Stuiver (1971).

This research was funded by National Science Foundation
grant DPP 81-20877, with support from the New Zealand Uni-
versities Grants Committee and Antarctic Division, Depart-
ment of Scientific and Industrial Research.
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Dry valleys/McMurdo Sound
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sedimentology
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A continuing, international multidisciplinary investigation of
the late Cenozoic history of the dry valleys and McMurdo
Sound region, southern Victoria Land, includes Winkie core
drilling, logging, and sampling of cores for paleomagnetic,
paleontologic, and sedimentologic analysis and detailed geo-

logic mapping of the glacial deposits. Work carried out during
the 1980-1981 and 1982-1983 field seasons has been concen-
trated in lower (eastern) Taylor Valley, and a third effort is
planned for the 1983-1984 field season.

Objectives are to (1) develop a detailed stratigraphy in the
near-subsurface, tied to surface exposures, so that the character
and extent of incursions of the Ross Ice Sheet into Taylor Valley
can be better understood, (2) refine age determinations of the
glacigenic sediments by employing polarity and paleontologic
information, and (3) tie the subsurface and surface records in
Taylor Valley to subsurface records in McMurdo Sound. Infor-
mation gained by meeting these objectives should lead to a
better understanding of the glacial history of southern Victoria
Land and the Ross Ice Sheet and should enable scientists to
evaluate potential relationships to global changes in sea level
and climate.

During the 1982-1983 field season, six core holes (ETV-3 to -8;
figure 1), ranging in depth from 10.5 to 58 meters (figure 2),
were drilled in ice-cemented deposits in eastern Taylor Valley.
Additionally, detailed geologic mapping (1:24,000 scale) was
begun, with the geology ultimately to be compiled on a new,
detailed topographic base map to be made photogram-
metrically from new aerial photographs flown during the
1982-1983 field season. Approximately 255 samples were col-

Figure 1. Map of eastern (lower) Taylor Valley showing locations of Dry Valley Drill Project (DVDP) and Winkle (ETV) core drill holes.
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Figure 2. Longitudinal section in eastern part of lower Taylor Valley showing generalized stratigraphic correlations in the glacigenic sediments
derived from lithostratigraphy, sedimentology, and magnetostratigraphy. Brunhes-age diatoms have been identified from across the ETV core
sections (see text). Unit numbers for the ETV sections are lithostratigraphic units recognized from mapping, from detailed lithologic logging,
and from sedimentologic analysis. The polarity switch marking the apparent base of normally polarized deposits of Brunhes age (less than
about 730,000 years) is given for reference to figure 3. ("BA" denotes before present.)

lected for paleomagnetic analysis, 85 samples for sedimen-
tologic analysis, 20 samples for paleontologic (diatom) analysis,
and 10 samples for geochemical analysis. Detailed geologic logs
of the drill cores were made at McMurdo Station prior to the
sampling of the cores. Some individual core runs were re-
covered with known azimuthal orientations, the object being to
obtain information on secular variation of the magnetic field.
Moreover, work is to be undertaken in an attempt to relate
magnetic fabric to sedimentary fabric to provide additional
information for the interpretation of depositional
environments.

Sedimentologic analysis of the ETV drill cores (by Robinson)
has been completed and a report prepared for review. Figure 2
summarizes the several, apparently correlative; units that have
emerged from evaluating the sedimentologic data with respect
to the detailed lithologic logs. The youngest deposit is sand
(unit 1, ETV-4), physically correlative with Recent sand at New
Harbor. This unit overlaps drift that is related to the last incur-
sion of the Ross Ice Sheet (Ross I of Denton, Armstrong, and
Stuiver 1971), a drift that extensively veneers the floor and lower
walls of Taylor Valley (unit 1 of ETV-3, and -1 and -2, -5, and -6).
The underlying units are dominantly ice-cemented sand, peb-
bly sand, and interbedded diamicton. The sand appears to have
largely accumulated in a fluviatile environment. Because the

sand appears to become finer to the west, a Ross Ice Sheet lying
to the east seems indicated for the source of the water and the
detritus. The diamicton-like deposits (unit 4, ETV-2 and 3, and
unit 2, ETV-8) have textural characteristics similar to modern
flow till and melt-out till studied along the margin of Taylor
Glacier, and these sediments thus are believed to have been
derived from an ice contact environment, presumably the base
or margin of a glacier. Additionally, the stratigraphy and provi-
sional correlations developed to date suggest some cyclicity in
depositional environments through time. Preliminary inter-
pretation of the lithologic sections suggests at least two incur-
sions of Ross Sea ice separated by the accumulation of proglacial
sandur, fluviatile, and lacustrine deposits.

Diatom studies from samples of the cores are being con-
ducted by Davida and Thomas Kellogg, University of Maine,
who report (personal communication) data bearing on the age
and environment of deposition of the subsurface units (with
many of the samples collected from ETV-3). They find that (1)
nonmarine species predominate in all samples and are in a
much better state of preservation than the marine specimens,
(2) marine fragments are present in most samples, suggesting
perhaps repeated reworking, and (3) diatoms of Brunhes age
(less than 730,000 years) are found across the drill core sections,
the deposits of which thus are considered to be no older than
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Figure 3. Longitudinal section along lower Taylor Valley showing polarity zonations, magnetostratigraphic correlations, and ages for drill core
sections. Black denotes normal polarity; white denotes reverse polarity. Potentially, a major unconformity may be present at the base of
apparent Brunhes-age deposits in the eastern part of the valley, which rest on reverse polarity deposits that could be as old as Gilbert (about 3.3
million years and older).

Brunhes even though they contain some specimens indicative
of a Miocene age. The Kelloggs suggest that the sections pene-
trated by the drill accumulated as a sequence of nonmarine
deposits, possibly deltas, which contain reworked marine ma-
terial derived from former Ross Sea drift.

Paleomagnetic studies of core and outcrop samples, although
incomplete, have progressed far enough to resolve the question
as to the polarity of surface deposits and subsurface deposits
that closely (approximately 60 meters) underlie the Ross Sea
drift. All samples are of normal polarity (figure 3), in accord
with the Brunhes age reported from diatoms. The vexing prob-
lem of an interval of reversed polarity in core from Dry Valley
Drilling Project (DVDP) hole 11 at a depth of about 2 to 4 meters
(Elston and Bressler, 1981; Elston, Robinson, and Bressler 1981,
Purucker, Elston, and Bressler 1981) has been resolved. Only
normal polarity has been obtained from shallow ETV cores that
were drilled in the vicinity of and closely adjacent to hole
DVDP-11. Additionally, an exposure was excavated near
DVDP-11, from which oriented samples also were collected.
These, too, proved to be normally polarized. The reported
interval of reverse polarity in the upper part of the DVDP-11
section thus now has been discarded. The cause for the anoma-
lous reverse polarity in the upper part of the DVDP-11 section is
not known, but it may have been produced by inversion of parts
of the core sometime during handling, an inversion that had
been specifically looked for, but not detected, during an inspec-
tion of the core at the Antarctic Core Storage Facility, Tall-
ahassee, Florida.

This work is supported by National Science Foundation grant
DPP 81-20877; by the Antarctic Division, New Zealand Depart-
ment of Scientific and Industrial Research, which furnished the
Winkie drill rig and a field staff consisting of James Jenkins, Roy
Parish, Greg Ryan, and Lou Sanson; and by the U.S. Geological
Survey.
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Deep seismic soundings along the
boundary between East and West

Antarctica

L. D. McGINNIS, R. D. BOWEN, and J. KREAMER

Department of Geology
Northern Illinois University

DeKaib, Illinois 60115
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Seismic reflection depth soundings were completed during
the 1982-1983 field season along a profile extending from Hut
Point Peninsula on Ross Island to the Strand Moraine on the
southern Victoria Land coast. The reflection profile lies along
the line of nine reversed refraction profiles completed in the
1980-1981 field season (see Wilson et al. 1981), and it crosses a
reversed refraction profile completed in the 1981-1982 field sea-
son (figure 1). The 1980-1981 refractions were shot out to a
maximum distance of 42 kilometers whereas the 1981-1982 pro-
file, from which a refraction was obtained from the Mohorovih
discontinuity, was shot out to 196 kilometers.

Reflection profiling was accomplished using common-depth-
point (CDP) procedures with recording on 24 channels to pro-
duce 12-fold stacking. Shots of 4.54 kilograms were placed 50
meters apart at depths 5 meters below the surface of the sea ice.
Geophone groups, consisting of six geophones per group, were
placed on the sea ice 50 meters apart and recording time was 12
seconds at a 2-millisecond sampling rate. Assuming a mean
vertical velocity of 6.67 kilometers per second, reflectors would
be observed to depths of about 40 kilometers. An unmigrated,
12.5-kilometer section of the profile, from preliminary data shot
in the 1981-1982 season, is shown in figure 2.

The southern part of McMurdo Sound, from Cape Royds
south, is underlain by sea floor sediments having abnormally
high velocities in the range of 2.5 to 3.0 kilometers per second.
A single-channel seismic profile, reported by Wong and
Christoffel (1981), shows good energy transmission below the
ocean floor north of Cape Royds and acoustic basement at the
sea floor south of Cape Royds. The profile shown in figure 2 is
located in the southern part of the sound adjacent to Ross Island
where subsea floor reflections have not previously been ob-
tained. With the various stacking, migrating, and filtering rou-
tines possible with CDP techniques, reflections below the sea
floor in southern McMurdo Sound can be observed, and the
more prominent, unmigrated section from the 1981-1982 experi-
mental CDP reflection profile is shown in figure 3. Strata below
the sea floor extend as a single unit (unit A) to a wavy reflector
between 3- and 4- kilometers depth. Unit A generally dips away
from Ross Island. Beneath the wavy reflector a second unit (unit
B) dips toward Ross Island and appears to be draped over flat-
lying, downdropped, and en echelon slabs of unit C. Unit D,
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Figure 1. The 1982-1983 reflection profile was shot between the
Strand Moraine and Cone Hill on Hut Point Peninsula along the line
of triangles near 77045'S. Data were acquired up to both coasts with
all work being accomplished from a sea-ice platform.

lying at a depth of 7 kilometers appears to be relatively un-
disturbed but dipping gently under Ross Island.

We provide a geologic interpretation of the reflectors as fol-
lows: (1) Unit A-.--.glacial marine and intercalated beds of vol-
caniclastic sediments ranging in age from recent at the surface to
late Oligocene immediately above the wavy reflector; (2) Unit
B—preglacial sediments, perhaps a marine equivalent of the
Beacon Supergroup, but with older sediments dating to the time
of the Ross Orogeny; (3) Unit C—crystalline basement com-
posed of early Phanerozoic granitic intrusives or a metamorphic
facies; (4) Unit D—intra crustal refractor and reflector suggested
by McGinnis et al. (in press) to be a granulitic facies similar to
inclusions found in McMurdo volcanics.

The surface between units A and B is interpreted to be an
unconformity produced by massive glacial scour prior to late
Oligocene glaciation. The upper unit would be primarily glacial
marine near the base grading upward into greater fractions of
volcaniclastics as Ross Island evolved in Miocene time. Contin-
uous reflectors in unit B, draped over the discontinuous reflec-
tors that separate units B and C, suggest that gently folded,
ductile, marine strata were in place prior to basement faulting. It

-,

Figure 2. Unmigrated section of a reflection profile shot during the 1980-1981 field season. Ross Island is the rise on the sea floor on the right of
the illustration. Prominent events dipping west of Ross Island are produced by seismic waves propagating from the shot-through water and
reflecting off ice cliffs on Ross Island. The wave returns to the recording array as a refraction from the sea floor. The event at 8 seconds on the
west side of the profile is probably due to side-swipe from a submarine rise north of the profile.
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is assumed that faulting began with extrusion of the McMurdo
Volcanics on Ross Island. Because of the continuous, rather
strong, nearly horizontal, intracrustal reflector lying at a depth
of 7 kilometers, we assume that basement is involved with listric
faulting caused by crustal rifting and thinning beneath Ross
Island. The reflector at 7-kilometer depth corresponds with a
6.4-kilometers-per-second refractor discovered from the earlier,
deep crustal refraction study.

This study has been supported by National Science Founda-
tion grant DPP 83-03476. Field participants included Richard C.
Bowen, Timothy H. Fasnacht, Marcia A. Honz, Lyle D. McGin-
nis, Dean Q. Mento, Jack A. Rasmussen, and Meng Hua Wei.
We express our appreciation for field and logistics assistance to
the Navy Support Force and ITT-Antarctic Services. We also
thank all of the members of the Division of Polar Programs at the
National Science Foundation for many years of help in plan-

ning, advising, and logistics associated with field parties from
Northern Illinois University.
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Volcanic geology of Turks Head,
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During November-December 1982 we undertook field inves-
tigations of McMurdo Volcanic Group rocks at Turks Head and
Tryggve Point on Ross Island and in selected areas at Minna
Bluff with the aim of establishing volcanic stratigraphy and
collecting samples suitable for geochemical study and po-
tassium/argon (K/Ar) age dating.

Turks Head and Tryggve Point form the coast of Ross Island
north of the Erebus ice tongue. The sea cliffs bounding these
small headlands afford good exposures of two, probably inde-
pendent, subaqueous to subaerial volcanic sequences in which
nepheline hawaiite is the predominant rock type (Goldich et al.
1975; Kyle 1976; Luckman 1974). Intrusion of brecciating dykes
into the saturated and unconsolidated subaquagene pile and a
proliferation of soft sediment faulting caused disruption of pri-
mary structures, which have been further affected by
postlithification, high-angle faulting and remobilization of fine
palagonitic sediment.

The Turks Head sequence has a regional dip of 30° to the
north and comprises pillow lavas that are overlain first by a lava
flow and then by massive pillow and hyaloclastite breccias with
pockets of bedded hyaloclastite tuff; these breccias grade up-
ward into a series of lava-flow tongues. These flows interfinger
with and are overlain by bedded palagonitic sediments.

At Tryggve Point, the subaqueous sequence is less well ex-
posed. It has a regional dip of 30° to the north and west and
comprises highly disrupted, graded, bedded hyaloclastite and
sheared masses of lava that are overlain by massive pillow
hyaloclastite breccia with pockets of bedded palagonitic tuff;
this breccia grades upward into pillow lavas. There is a sharp,
nonhorizontal transition to the overlying subaerial lava-flow
sequence.

Both Turks Head and Tryggve Point are urtconformably over-
lain by anorthoclase phonolite flows, which on the western end
of Turks Head have formed a distinctive hyaloclastite breccia.
While the anorthoclase phonolite flowed west from the flanks
of Mount Erebus, the source of the underlying volcanic rocks is
believed to have been offshore to the south.

The 50-kilometer-long peninsula forming Minna Bluff ex-
tends southeast from the flanks of Mount Discovery into the
Ross Ice Shelf. It formed as one of three radial arms of volcanic
activity associated with crustal doming attributed to magma
emplacement beneath Mount Discovery (Kyle and Cole 1974).
Prior to our field work the peninsula was geologically unmap-

ped. There are only two geochemical analyses of rocks from this
area (Goldich et al. 1975; Kyle 1976), and there is no radiometric
age control on the volcanism.

The oldest rocks crop out at the southern end of the peninsula
and comprise hyaloclastite breccias and flows of plagioclase
basalt and a sequence of basaltic, lensoidal, subaerial flows.
Incipient to pervasive propylitic alteration affects many of these
rocks. They are truncated by a prominent, complex, glacial
unconformity, which can be traced discontinuously for more
than 10 kilometers from the southern tip of the peninsula.
Glacial striae were found at two localities at the base of the
unconformity which comprises 50 centimeters to 2 meters of
bedded and cross-bedded, palagonitized, volcanogenic sedi-
ments varying from sandstones to fine conglomerates. Un-
sorted, matrix supported, angular breccia beds associated with
the unconformity are interpreted as tillites.

In the vicinity of the southeast cape a silicic dome and thick
(approximately 80 meters) lava flow overlie this unconformity.
These lavas display considerable brecciation, especially at the
base of the flow, and are pervasively propylitically altered. An
angular, constructional unconformity separates these lavas
from overlying deposits.

A later sequence of basaltic hyaloclastite breccias and flows
overlie both unconformities at the southern end of the penin-
sula. It is tentatively correlated with a thick (greater than 600
meters) sequence of similar lava flows, in places associated with
hyaloclastite breccia, which underlie the rest of Minna Bluff.
Good exposures along the southwest shore of the peninsula
indicate that the sequence comprises several coalescing shields.

Following the erosion that formed the southwest-facing cliffs
several basaltic cinder cones and small flows were erupted from
vents along the cliffs. Many of these cinder cone deposits have
been extensively palagonitized, probably by hydrothermal ac-
tivity associated with numerous trachytic dykes that transect
them. These kaersutite-bearing trachyte dykes are not limited
to the vicinity of the southwest-facing cliffs but also crop out
extensively at the southern end of Minna Bluff and are par-
ticularly numerous along the eastern shore for 3-4 kilometers
north from the southeast cape. These dykes follow a north to
northwest trend, dip steeply west, are 1-2 meters wide, and are
vertically continuous.

Trachyte lava flows and domes were mapped in the vicinity of
the northeast cape. These deposits overlie the lava flows form-
ing the coalescing shields and are not cut by the trachytic dykes.
There is a petrographic similarity between the trachytic lavas
forming the dykes and some of those erupted as flows in the
northeast cape area.

The final phase of volcanic activity on Minna Bluff was the
eruption of basaltic cinder cones and associated lava flows from
northwest trending vents along the northern portion of the
peninsula. It is not known whether the basaltic vents on top of
the southern end of the peninsula belong to this or the earlier
phase of basaltic cinder cone eruption.

We thank Philip R. Kyle for organizing the project. This
research was supported by National Science Foundation grant
DPP 80-20002.
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Glacial erratics are widespread in McMurdo Sound, occur-
ring at low elevations (0-150 meters) on the flanks of Mount
Discovery, Minna Bluff, White Island, Black Island, and Ross
Island (figure 1). The erratics include a small proportion of
calcareous sandstones, conglomerates, and fine-grained lime-
stones referred to here as the McMurdo Erratics. These rocks
together with volcanoclastic sediments of the Scallop Hill For-
mation (Leckie and Webb 1979) and igneous and metamorphic
rocks derived from the Transantarctic Mountains occur in mo-
raines dominated by Late Neogene volcanic rocks. The source
of the McMurdo Erratics has not been established, because
there is no in situ Cenozoic strata known to crop out in Victoria
Land other than the Scallop Hill Formation, the Pliocene Pecten
Gravels (Webb 1972), and Neogene McMurdo Volcanic rocks on
which the moraines lie. The McMurdo Erratics have for the past
20 years been the only record of early Tertiary sedimentation
from Victoria Land. We have examined 60 selected McMurdo
Erratics collected from Minna Bluff and Mount Discovery by
H. J. Harrington in 1969 and Peter Webb in 1980 and made
petrographic and paleontologic comparison with the 229-meter
glaciomarine sequence recently drilled in McMurdo Sound
(Barrett and McKelvey 1981). Petrographic similarities between
the erratics and the McMurdo Sound Sediment and Tectonic
Studies (MssTs) 1 lithologies together with newly discovered
fossil marine diatoms in many of the erratics now make it
possible to define more accurately their source and their region-
al stratigraphic context. This report is a summary of our
findings.

The erratics from Mount Discovery consist predominantly of
well-sorted sandstone and pebble conglomerates of fine-
grained metamorphic provenance. Less common are arkosic
and quartzose sandstones. Dolerite is a minor to moderate
constituent in all these erratics. The erratics are all cemented by
a fine grained sparry or micritic carbonate and are well-lithified.

The basement complex and the overlying Beacon Supergroup
and Ferrar Dolerite of the Transantarctic Mountains are the
source of the detritus making up the erratics.

The terrigenous erratics from Mount Discovery are miner-
alogically and texturally similar to cores recovered from the
MSSTS #1 sequence drilled into the Victoria Land Basin (Davey,
Bennett, and Houtz 1982) at McMurdo Sound. We consider
these to be terrigenous erratics also derived from the Victoria
Land Basin.

Minna Bluff erratics consist of calcareous silty mudstone and
impure micritic limestone with up to 10 percent terrigenous
detritus. The source from which the limestone erratics were
derived is not yet known. They are known to occur only at
Minna Bluff. No similar lithologies were encountered in MSSTS
#1. This may be due to the nondeposition of these rock types or
else the possible erosion of such lithologies at the MSSTS #1.
Alternatively, the Minna Bluff limestone may represent further
off-shore and/or deep-water equivalents of the MSSTS #1 se-
quence. The terrigenous mudstones encountered at Minna
Bluff do bear similarity to the mudstone lithologies in MSSTS #1.

A high degree of lithification has afforded the erratics the
durability necessary to survive submarine erosion and trans-
port as well as subsequent subaerial weathering after deposition
on the McMurdo moraines. Presumably other less resistant
lithologies were also eroded but did not survive.

Seven limestone and clastic erratics contain late Oligocene,
late Miocene or Pliocene diatoms (figure 2). These same erratics
also contain the Paleogene dinoflagellates identified by McIn-
tyre and Wilson (1966) and Wilson (1967). We think it possible
that other erratics containing dinoflagellates but lacking youn-
ger diatoms are also of Neogene age on the basis of their
lithologic similarity to dated erratics. This does not preclude
however, the possibility that genuine Paleogene lithologies are
also represented.

The presence of late Miocene and Pliocene diatoms in the
erratics confines the time of submarine erosion by piedmont or
grounded shelf ice to some interval in the last 5 million years.

Precise correlation between the erratics and the in situ mate-
rial is not possible until future drilling achieves better recovery
and a more complete record of the Cenozoic strata deposited in
the Victoria Land Basin. Caution must be taken when interpret-
ing fossiliferous sediments in Antarctica. The McMurdo Er-
ratics described here highlight the potential for reworking older
fossils into younger marine sequences.

Mark Leckie, Nancy Engelhardt, Barbara Ward, and Bob
Koch assisted with collection of samples from Mount Discovery
during the 1979-1980 season. We are grateful to Larry Har-
rington for providing the Minna Bluff suite of samples. This
work was supported by National Science Foundation grant DPP
79-07043 and DPP 80-18749A01 (principal investigator, P. N.
Webb).
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Figure 2. Selected diatom taxa in samples from Mount Discovery and Minna Bluff, southern McMurdo Sound.
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Geophysical studies on Mount Erebus

TAKESI NAGATA

National Institute of Polar Research
ltahashi, Tokyo, Japan

Three Japanese scientists visited McMurdo Station for the
international Mount Erebus seismic studies (IMESs) during the
1982-1983 field season. The Japanese participants were K. Ka-
minuma of National Institute of Polar Research, S. Ueki of
Tohoku University, and E. Koyama of Earthquake Research
Institute, University of Tokyo. They conducted the following
research programs while staying at McMurdo Station from 4
November 1982 to 13 January 1983.

Seismic observations by the telemetry network. This is the main
program of IMESS. The telemetry network with five seismic
stations has been operated by the American party on the sum-
mit and flank of Mount Erebus since 1980. The Japanese party
installed the recording systems for the seismic telemetry net-
work at Scott Base, and the wintering members in Scott Base
have maintained the recording system during the winter sea-
son. The Japanese party has supplied magnetic tapes and charts
for the recording systems every year and has had the respon-
sibility of playing back the magnetic tapes.

Japanese scientists played back the magnetic tapes which
have been recorded since September 1982. The daily number of
volcanic earthquakes occurring in and around Mount Erebus
from 14 September to 24 December 1982 is shown in figure 1. An
average of 102 earthquakes had been recorded each day from 14
September to 6 October, 82 earthquakes from 11 to 31 October,
and 71 earthquakes from I to 7 November. Data were not avail-
able because of some trouble of the transmitting system during
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8 to 15 November. An average of 99 earthquakes per day had
been recorded from 16 to 30 November and 33 earthquakes
from 1 to 24 December.

An extreme earthquake swarm with more than 680 earth-
quakes and extreme volcanic tremors were recorded during 8
and 9 October. (The variations of the earthquakes and the trem-
or activities are shown in figure 2.) One hour after the swarm
occurred the tremors also began to occur. Because the exact
number of earthquakes could not be counted during the ex-
treme tremors, the hourly number of earthquakes might be
actually greater than shown in figure 2. Hypocenters of 60
earthquakes were obtained using Ohmori's constant (k =3) and
the P-S times (the time differences between P and S wave arriv-
als) of three stations (Abbott Peak, Hoopers Shoulder, and
Bomb Peak); unfortunately the important station, the Summit,
has not worked since the winter season in 1982. Epicenters were
located in the northwestern flank of Mount Erebus as shown in
figure 3. Most earthquakes occurred at the depth of 1 to 6
kilometers below sea level. Only 5-10 earthquakes per month
were recorded in the swarm area during the last two summer
seasons [Shibuya et al. in press; Takanami et al. in press (a), in
press (b)].

During the visual observation at the summit in mid-De-
cember, scientists did not see any evidence (such as lava flows or
a large volume of ejecta in the summit crater) of a big eruption;
however, earthquakes in this area might be caused by primary
magma coming up from the lower part of the crust to the
magma reservoir which is estimated to be located at the depth of
1-5 kilometers under the summit.
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Observations by temporary seismic network. Nine temporary
seismic stations were established on the flank of Mount Erebus
to determine with high accuracy earthquake locations from 15
November 1982 to 4 January 1983. Because the magnetic tapes
and batteries at two stations were not changed due to bad
weather in mid-December, data for the latter half of the observa-
tion period were obtained at seven stations rather than nine.
The earthquake locations will be calculated with high accuracy
using data from both the temporary and telemetry seismic
networks.

Gravity measurements. Gravity measurements by the LaCoste-
Romberg gravimeter (model G) were carried out at the nine
temporary seismic stations. Twenty additional gravity stations
were established around the summit crater when two Japanese
scientists stayed at the summit hut with the American and New
Zealand participants for repairing the summit telemetry
station.

These three research programs have been supported by the
National Science Foundation (United States), the Antarctic Divi-
sion of the Department of Scientific and Industrial Research
(New Zealand), and the National Institute of Polar Research
(Japan).
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Volcanic activity and seismicity of
Mount Erebus, 1982-1983
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Surveillance of the activity associated with the anorthoclase
phonolite lava lake at Mount Erebus continued during the
1982-1983 austral field season. All authors participated in the
field study. The summit crater was visited by U.S., New Zea-
land, and Japanese scientists on several occasions between
November 1982 and February 1983. The lava lake was still pres-
ent and the pattern of activity was similar to that observed over
the past 6 years. The lake continued to show simple convection,
with magma welling up from two sources about a third of the
way from each end of the lake and welling down around its
edges and along a zone running across the middle of the lake.

First discovered in December 1972 (Giggenbach, Kyle, and
Lyon 1973), the lava lake gradually increased in size over a 4-
year period and eventually formed a semicircular lake about 100
meters long by December 1976 (Kyle et al. 1982). Since 1976, the
lake area has stayed fairly constant.

Observations of the lake level are always obscured by the
gases emitted from the lake. Although a slight lowering of the
lake surface has been reported over the last 4 years, an examina-

tion of photographs suggests that this is relatively minor, but
exactly how much lower the lake surface is not known. Sim-
ilarly, no major deformation has been observed using precise
surveying methods (Kyle and Otway 1982).

The lava lake represents the top of a magma column which is
connected at depth to a magma chamber. Preliminary calcula-
tions based on knowing the present rate of degassing of sulfur
dioxide, knowing the initial and present-day sulfur content of
the magma, and assuming about 80 years of activity, suggest the
magma chamber beneath the lava lake is about 1 cubic
kilometer.

As in previous years, small strombolian explosions continued
to occur at rates of two to six per day. Volcanic bombs ejected
onto the crater rim were collected for the study of the petrologic
and geochemical evolution of the lava lake. To date no change
has been observed in the degree of crystallization or chemical
composition of the magma.

This past field season, 1983, marked the third year of con-
tinued operation of a permanent, radio-telemetered, short-
period seismic array designed to monitor the long-term seis-
micity associated with the volcanic activity at Mount Erebus (see
also Kienle et al. 1982). The program, the international Mount
Erebus seismic study, involves scientists from the U.S., Japan,
and New Zealand. An original tripartite array of short-period
seismic stations was installed in December 1980. During the
1981-1982 field season, this array was expanded by two sta-
tions. All stations have single-component, vertical seis-
mometers. The summit station also transmits acoustic data to
monitor explosive gas discharge from the lava lake. Another
data channel is used to monitor electromagnetic signals induc-
ed by the eruption of conducting magma in the static field of the
Earth in a wire loop laid around the summit crater. The current
network of five stations was serviced and upgraded during the
1982-1983 field season. Most of the microearthquakes recorded
over the past 3 years occurred beneath Mount Erebus proper.
Figure 1 shows as an example the hypocenters of 75 events that
were located between 23 December 1981 and 18 January 1982.
All but one of these events were positively correlated with
acoustic and sometimes electromagnetic signals. We interpret
these events to be explosion earthquakes associated with strom-
bolian eruptions from the lava lake.

A more detailed analysis of 162 earthquakes selected from a
catalog of 1,000 events recorded during the 1981-1982 season
showed two principal distributions of hypocenters which
Shibuya et al. (in press) called type 1 and type 2 events. Type 1
events were located centrally beneath the summit crater of
Mount Erebus and had a vertical, pipe-like, hypocenter dis-
tribution extending from sea level to the 3,974 meter high sum-
mit, similar to the hypocentral distribution shown in figure 1.
Type 1 events are positively correlated with acoustic signals and
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can be subdivided into a shallower and a deeper subset with
different wave-forms of the associated acoustic signals. Explo-
sion earthquakes with hypocentral depths greater than 2 kilo-
meters produce sharp, impulsive, relatively high-frequency
acoustic waves. Shallower events (up to 2 kilometers depth)
produce low-frequency, emergent, sinusoidal acoustic waves.
The different acoustic and seismic characteristics of the two sets
of type 1 events are controlled by the depth, energy partition,
and mechanism of different types of gas eruptions, a problem
Dibble is currently investigating.

Type 2 events are also located centrally beneath the main
volcanic structure of Mount Erebus but show much larger epi-
central scatter. The events are generally of smaller magnitude
than type 1 earthquakes and are not associated with acoustic
signals. Their hypocentral depths are also greater, extending
from sea level down to a depth of about 10 kilometers.

On 8 October 1982 an unusual earthquake swarm was record-
ed from a new source region on Ross Island. On that day almost
700 events occurred near Abbott Peak, a station 10 kilometers
north-northeast of the summit of Mount Erebus. At this time we
do not have reliable magnitudes for the events, but the fact that
some of them were recorded at Scott Base and Mount Terror, 45
and 50 klometers away, suggests that the largest earthquakes
had a local magnitude of about 2. Figure 2 shows epicenters
(left) and shows an east-west hypocentral section across Ross
Island (right) of the October swarm events.

The locations of the October swarm events shown in figure 2
are based on a crustal velocity model, where relatively low

velocity volcanics of the Mount Erebus pile [P-wave velocity (Vp)
equals approximately 2 kilometers per second] overlie
glaciomarine sediments which in turn overlie crystalline base-
ment (model adopted from Wilson et al. 1981). Nagata (this
issue) shows epicentral solutions for the same data set calcu-
lated by the project's Japanese collaborators, based on a simple
half space P-wave velocity model of V = 2.1 kilometers per
second and a P-wave to S-wave velocity ratio of V 1,/V, 1.7. The
rather large epicentral (approximately 10 kilometers) and hy-
pocentral (approximately 5 kilometers) differences between the
two sets of solutions are due to the vastly different crustal
velocity models used and illustrate the critical need to define a
better model. Obviously, the two sets of solutions presented
should be considered preliminary because of the large uncer-
tainties in the velocity models used.

If we chose the solution presented in this paper (figure 2), it is
interesting to note that the epicentral region of the 8 October
swarm, located about halfway between Mount Bird and Mount
Erebus, roughly correlate with an area that apparently was
hydrothermally active in 1908. T. W. E. David, R. Priestley, and
J. Murray, all members of the 1907-1909 British antarctic expedi-
tion (Shackelton 1909), reported steam clouds in April 1908 and
a major steam eruption ("geysir") on 17 June 1908, rising from a
source region at the 600-meter level on the south-southwest
slope of Mount Bird. A tall jet of steam erupted from the same
place on 8 September 1908. Kyle has investigated rock outcrops
in this area in recent years but could not find any sign of
hydrothermal activity. It is possible that the 8 October earth-
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Figure 2. (Left) Epicenters of 92 microearthquakes recorded 4-13
October 1982. Seismic stations shown as solid squares. Inset map
shows Ross Island: "B" denotes Mount Bird, "E" denotes Mount
Erebus, "T.N." denotes Mount Terra Nova, "T" denotes Mount Terror,
and "S.B." denotes Scott Base.

Figure 2. (Right) Hypocentral cross section for data set shown in top
figure (east-west section across Ross Island). Seismic stations
shown as solid triangles.

quake swarm may have been related to renewed magma move-
ment (perhaps dike injection) at depth. Because the microearth-
quake swarm was well-removed from Mount Erebus, we
believe the dike emplacement was not from the Erebus magma
chamber system but possibly represents a new batch of magma.
If this magma reaches the surface, a parasitic volcanic vent may
form-and it is worth noting that parasitic vents are rare on
Mount Erebus. Emplacement of a new cone may result in some
explosive volcanic eruptions and the possibility of lava flows
down the flank of Mount Erebus.

The time sequence of the earthquake swarm and periods of
tremor observed at the Abbott Peak station on 8 and 9 October
are given in the companion paper by Nagata (this issue). The
most intense phase of the earthquake swarm lasted only about
12 hours. Figure 3 shows the sudden onset of the swarm on 8
October at 02:48 universal time.

This research was supported by National Science Foundation
grants DPP 81-17968 and DPI' 80-20002. We are much indebted to
Ross Mason and Andrew Harral of Scott Base, who kept the
recording system running through the winter months. Special
thanks go to Sadato Ueki (Tohoku University, Japan), Etsuro
Koyama (University of Tokyo, Japan) for field assistance and
help with data analysis, to Megumi Baba (Chiba University,
Japan) who analyzed much of the 1981-1982 data, and to Bill
McIntosh (University of Colorado) who helped us with the
Erebus summit field work. We also are grateful for the expert
logistic support provided by the VXE-6 helicopter crew.
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Field test of thermoluminescence
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In an area ' ,here airborne gamma-ray surveys had been
sucessfully performed, a test of the thermoluminescence dos-
imetry technique was conducted to determine its usefulness in
evaluating the radiation background in rocks and soils. Al-
though thermoluminescence dosimetry is commonly used in
industrial and hospital facilities as a radiation monitoring sys-
tem, it has seen only limited application in the measurement of
natural radiation environments. The results of our test indicate
that it may be especially useful in polar areas where other
geological radiation monitoring techniques sometimes fail to
function. Specifically, radon detection systems involving the
use of alpha cups which rely upon the migration of radon gas
through soil and rock were tested in the 1978-1979 field season
at the Darwin Glacier. The alpha cups were supplied by West-
inghouse Inc. and upon return, the evaluation of the alpha
tracks resulting from the radioactive decay of radon was per-
formed in their laboratories. Apparently, the presence of inter-
granular ice inhibits the migration of radon through the soil to
such an extent that substantial differences in radiation levels,
which were easily measurable by small, portable gamma-ray
spectrometers, were not registered by the radon detectors.

Thermoluminescence dosimeters are solid-state devices
which accumulate electrons at defect sites in the lattice of the
dosimeter crystal after the electrons have been liberated from
their normal lattice positions by ionizing radiations. When heat-
ed in the laboratory through a temperature range from room
temperature to approximately 3500 C, the electrons trapped in
the crystals return to their original lattice positions and release
visible light in proportion to the total number of electrons orig-

inally contained in the traps. Equipment for measuring ther-
moluminescence consists of an electric furnace for heating the
dosimeter crystals and a photomultiplier to provide a quan-
titative record of the amount of light emitted by the crystals. To
be certain that no residual thermolu mine scence was present, all
of the crystals were heated to 350° C in the laboratory at McMur-
do Station prior to their emplacement in the field.

The thermoluminescence dosimetery tests were conducted
on Ross Island at Observation Hill on Cape Armitage and at
Trachyte Hill on Cape Bird. The dosimeters consist of approx-
imately 7-millimeter square, 1-millimeter thick plates of calcium
fluoride which were sealed in thin polyethylene envelopes and
emplaced at marked locations in soils and rocks in December
1981. The dosimeters were recovered approximately 1 year later
in December 1982 and were returned for measurement in Febru-
ary 1983. Of the original 19 that were emplaced, only 14 could be
recovered because of the loss of location markers. In general,
the dosimeter readings tend to follow those of the portable
gamma-ray scintillometers but they differ significantly in sever-
al cases. The differences are most probably related to variations
in the outcrop geometry and the effect which this has on the
readings obtained by the portable gamma-ray scintillometers.
Results of the test are listed in the table. The indicated dose is
calculated as the cobalt-60 gamma-ray Roentgen equivalent

Thermoluminescence dosimeter readings

Dosimeter	Dose in	 Locatior description
number	Roentgen

1	0.60	Observation Hill, north slope, loose
trachyte talus.

2	0.42	Observation Hill, north slope, 10 meters
above road to desalination plant,
trachyte outcrop.

3	0.45	Observation Hill, north slope along trail
to Scott's cross, fracture in solid
trachyte outcrop.

5 0.53 Observation Hill, 20 meters below
Scott's cross, broken fragments of
trachyte.

8	0.23	Observation Hill, south slope, red,
oxidized basalt talus.

9	0.18	Observation Hill, west slope, fracture in
black olivine basalt.

10	0.39	Observation Hill, west slope, fracture in
gray trachyte.

11	0.19	Trachyte Hill, southwest slope, oxidized
red basalt.

12	0.18	Trachyte Hill, southwest slope, fracture
in dark red basalt.

13	0.10	Trachyte Hill, southwest slope,
unoxidized dark gray olivine basalt.

14	0.17	Trachyte Hill, southwest slope, fracture
in oxidized red basalt.

15	0.20	Trachyte Hill, top of terrace west of
trachyte outcrop. Cavity in red
pyroclastic boulder.

17	0.34	Dosimeters 17 and 18 were emplaced
near each other in the same fracture in

18	0.38	gray trachyte 100 meters below the top
of Trachyte Hill.
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dose required to produce the same amount of thermolumines-
cence as that recorded by the dosimeter.

The thermolu mine scence dosimeters appear to provide an
accurate indication of the true gamma-ray flux at their specific
locations. We believe that these dosimeters could be used to
monitor very subtle variations in the radiation environment in
rocks and soils in Antarctica and that they could provide signifi-
cant information about radioactive fallout in snow and firn. The
low-temperature environment of Antarctica is especially con-

ducive to the reliable operation of these dosimeters. The crys-
tals are cheap and reusable, but in very low radiation fluxes,
they require a substantial time to accumulate a dose that can be
measured accurately. Early emplacement at the beginning of a
field season with recovery approximately 3 months later should
be adequate to provide accurate measurement of the radioac-
tivity of the site.

The work was supported in part by National Science Founda-
tion grant DPP 77-21504.

Reconnaissance geological
investigation of basement units,

McMurdo Sound region
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Tempe, Arizona 85287

During January 1983 we undertook a project to collect repre-
sentative samples of all units of the pre-Beacon basement com-
plex throughout the McMurdo Sound region, from Granite
Harbor to Koettlitz Glacier (figure 1). We worked a total of 13
days in the field: 3 days from a camp on Sponsor's Peak in upper
Victoria Valley, 2 days from a camp on the east shoulder of Bull
Pass and Wright Valley, and the remainder throughout the
McMurdo Sound region with close helicopter support from
McMurdo Station.

Metamorphic rocks in the McMurdo Sound region have been
divided into two groups: the relatively low-grade Skelton
Group, found around Skelton Glacier, and the Koettlitz Group
found from Koettlitz Glacier northwards through the ice-free
valleys (Grindley and Warren, 1964). We did not have the oppor-
tunity to sample Skelton Group; however, we collected samples
of Koettlitz Group in the Koettlitz Glacier areas where it has
been subdivided into Hobbs Formation, Salmon Marble, Gar-
wood Lake Formation, Miers Marble, and Marshall Formation
(Blank et al. 1963).

In the ice-free valleys, the Koettlitz Group is represented by
the Asgard Formation. Further subdivision has not been at-
tempted, nor has correlation with the units in the Koettlitz
Glacier area. We collected representatives of the Asgard Forma-
tion in Taylor, Wright, and Victoria Valleys. Future studies will
attempt to correlate the Asgard Formation with the units in the
Koettlitz Glacier area.

A complicated history of igneous intrusion has been worked
out in the McMurdo Sound region based on cross-cutting rela-
tionships. The contacts between metamorphic and igneous
rocks are gradational in many places over wide zones with the
development of migmatities, but posttectonic plutons with

sharp contacts also occur. A reference sequence to which other
igneous rocks in the region can be compared is that in Wright
Valley (McKelvey and Webb 1962), shown in the table.

We collected representatives of each of these units
throughout the region. Of note was the recovery of orbicular
granite on a moraine near the mouth of Benson Glacier north of
Granite Harbor (figure 2). This locality is apparently the one
reported by Gunn and Warren (1962).

The collections from this season will serve as a reference for
comparison with other basement units investigated by the first
author in northern Victoria Land and the central Transantarctic
Mountains.

This research was supported by National Science Foundation
grant DPP 80-19991.
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Figure 1. Location map, McMurdo Sound region. ("BG" denotes
Benson Glacier; "GH" denotes Granite Harbor; "VV" denotes Vic-
toria Valley; "WV" denotes Wright Valley; "TV" denotes Taylor Val-
ley; "KG" denotes Koettlltz Glacier; "MS" denotes McMurdo Sta-
tion; "1" denotes Camp 1, Sponsor's Peak; and "2" denotes Camp 2,
Bull Pass; "Km" denotes kilometer.)
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Figure 2. Polished slab of orbicular granite from moraine on lower Benson Glacier. (Bar scale is 10 centimeters.)
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Reference sequence from igneous rocks in Wright Valley'

Group	 Formation

Victoria Intrusives	Vanda Lamprophyre and Porphyry
Vida Granite (= Irizar Granite, Gunn and
Warren 1962)

Wright Intrusives	Theseus Granodiorite
(= Granite Harbor	Loke Microdiorite
Intrusive Complex,	Dais Granite (= Larsen Granodiorite,
Gunn and Warren	Gunn and Warren 1962)
1962)	 Olympus Granite-gneiss (= augen gneiss,

Smithson et al. 1972)

a From McKelvey and Webb (1962).
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The occurrence of radioactive minerals at Szabo Bluff in the
Scott Glacier area of the Transantarctic Mountains was first
noted by Stump and others (1981). Samples were collected
showing thin yellow coatings and some of these proved to be
highly radioactive uranium minerals. After the initial observa-
tions by Stump and others, we made a preliminary airborne
radiometric survey of the area by mounting our gamma-ray
spectrometer in an LC-130 aircraft and flying at approximately
120 meters over the tops of the outcrops at Szabo Bluff. This test
showed that the exposed rocks were more radioactive than
normally would be expected and that the uranium-to-thorium
ratio was highly anomalous. In average granites, the con-
centration of thorium can be expected to exceed that of uranium
by a factor of roughly 4 to 1. The data collected on the test flight
showed that the concentrations were more nearly 2 to 1. It was
impossible to evaluate the extent of the apparent uranium en-
richment because of the high speed of the aircraft and its vertical
distance from the outcrops. In general, however, such anoma-
lous uranium-to-thorium ratios are characteristic of areas where
substantial uranium deposits are known to occur.

For these reasons, we determined that a camp should be
established in the Szabo Bluff area and that a thorough evalua-
tion of the available outcrops should be made. The area of
investigation is located near the head of the Robison Glacier
which is a tributary to the Scott Glacier. It is on the edge of the
polar plateau at 86° 30' 5 145° W. In this area, the rocks of the La
Gorce Formation have been intruded by granites which were
emplaced during the Ross Orogeny. On 14 December, 1982 our
camp was put in by LC-130 at the south end of Mount Mooney
and operations began at the Szabo and Price Bluff localities.
Ground operation was limited to motor toboggan and foot tra-
verses. The pegmatite outcrops describedjby Stump and others
were located immediately and both primary and secondary

radioactive minerals were found. The granite which contains
the pegmatite bodies is coarse grained with crystals of
orthoclase 7 to 10 centimeters in length.

The pegmatite bodies, shown in figures 1 and 2, are small,
ranging from a few meters to a few tens of meters in size. They
consist primarily of irregular masses of orthoclase and quartz
with biotite and muscovite distributed throughout. The pri-
mary uranium minerals occur in dark pods where they are
associated with ilmenite and chlorite. The highest con-
centration of uranium in the dark minerals from the pegmatite
outcrop showed a range in uranium concentrations from 258 to
323 parts per million. Thin yellowish to greenish yellow coat-
ings, which are clearly the result of weathering processes, are
present on many of the outcrop surfaces, but most of these thin

Figure 1. Outcrops of granite and pegmatite at southwest corner of
Szabo Bluff.

Figure 2. Detail of lowermost pegmatite body in figure 1, showing
small black pods of ilmenite, chlorite, and uranium minerals.
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incrustations are not radioactive. At a few locations, however,
yellow coatings of uranium minerals were found. The anoma -
lous thorium-to-uranium ratios first detected in the airborne
survey were confirmed on the ground with a portable gamma-
ray spectrometer. Chemical analyses using the neutron activa-
tion technique have already been completed on a suite of 12
samples extending from the pegmatite contact outward into the
surrounding granite to a distance of 4 meters. These analyses
show that anomalously low thorium-to-uranium ratios con-
tinue outward into the granite. The average ratio throughout
this zone has been found to be 1.6 to 1.

Although the entire south face of Szabo Bluff was examined
and sampled, no additional pegmatites were seen. We conclude
that the occurrence of uranium minerals at Szabo Bluff is so
limited that it cannot be considered a significant resource, but it
clearly is of substantial scientific interest. First, it is apparent
that the geochemical mechanisms which produce con-
centrations of uranium in large deposits have been acting on a
smaller scale at this locality. The demonstration of this fact
together with the observation of the anomalous thorium-to-
uranium ratios in the surrounding granitic rocks causes the
entire area to become a region of interest. We believe that an
expanded search using helicopter support is warranted.

Specifically, the search could be extended to all of the accessi-
ble outcrops of the granitic bodies with special attention to
veins, contact zones, and fracture systems. A visual search for

mineralized zones would help define specific target areas for
detailed radiometric surveys. Even though large-scale uranium
mineral deposits may not be present in the basement rocks, the
search could be extended to the basal Beacon Group sediments
that are exposed on the upper slopes of Mount Blackburn.
Concentrations of radioactive minerals have been observed at
numerous locations where these sediments outcrop in the
Transantarctic Mountains. Enrichments of uranium minerals
have been observed in sandstones in northern Victoria Land
and heavy mineral assemblages high in thorium and rare-earth
elements have been found in the Darwin Glacier area.

We wish to express our appreciation to Donald Burt of Ari-
zona State University who participated in the field operation
and represented Project S-076. The work was supported in part
by National Science Foundation grant DPP 77-21504, the Univer-
sity of Kansas, the Bundesanstalt für Geowissenschaften und
Rohstoffe, the Bayerisches Geologisches Landesamt, and the
University of Quebec-Montreal.
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Mineralogical investigation of
andalusite-rich pegmatites from Szabo

Bluff, Scott Glacier area
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During the 1982-1983 field season D. M. Burt undertook
detailed mineralogical sampling of the pegmatites at Szabo Bluff
(86°29'S 144°45'W) that had been discovered by F. Stump in
January of 1981 (Stump et al. 1981). Burt accompanied party 5-
059 led by Edward J. Zeller and Gisela Dreschhoff, who were
investigating the possibility of associated uranium mineraliza-
tion (cf. Dreschhoff et al., Antarctic Journal, this issue).

Our combined parties were emplaced on Robison Glacier
near the southeast tip of Mount Mooney by an LC-130 aircraft
from McMurdo Station on 14 December 1982 and were picked
up at the same site on 21 December 1982. Weather permitted a
total of 3 days of field work at Szabo Bluff.

Szabo Bluff appears to be made up entirely of the same very
coarse-grained, potassium-feldspar (K-feldspar) rich biotite gra-
nite. We did not examine the northeast or ice-plateau side, but
we determined that most of the contained pegmatites are seen

in the cliff face at the southern end (closest to Mount Mooney).
The granite in this area has a subhorizontal cyrstallization layer-
ing marked by biotite-rich segregations and is cut by steeper
biotite-K-feldspar-rich zones that may be metasomatic in origin.
K-feldspar phenocrysts in the granite are normally 2 to 3 cen-
timeters across but may reach 5 centimeters.

Contained within the granite are three major and several
minor pod-like subhorizontal pegmatite bodies. The largest of
these is about 20 meters long by 6 meters high, the second is
about 8 meters long by 2 meters high, and the third, only partly
exposed at ground level, is about 3 meters across.

The pegmatite pods have two easily recognized zones—a
border zone marked by coarse, dendritic to bladed biotite grow-
ing inward from the walls in a fine-grained to graphic feldspar-
quartz matrix and an interior blocky K-feldspar-milky quartz
zone with platy albite, minor tourmaline and muscovite, and
local concentrations of ilmenite and other oxides (partly
weathered to a weakly radioactive yellow crust). Schistose,
rounded biotite-rich segregations in the interior zone may rep-
resent pseudomorphs after an early ferro-magnesian mineral
such as cordierite.

The most notable feature of the interior zones of the two
larger pegmatites are irregular segregations up to a meter across
(individual crystals up to 0.5 meters long) of a columnar, radiat-
ing reddish-brown mineral (figure 1). We thought in the field
that this mineral might be a phosphate, but subsequent micro-
scopic investigation has shown it to be iron-bearing andalusite
(Al2SiO). This identification is supported by its extensive al-
teration to compact aggregates of yellowish to greenish mus-
covite [KA11Si3O10(OH)2].
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Figure 1. Columnar, radiating andalusite crystals from the largest pegmatite at Szabo Bluff. (Bar is 10 centimeters.)

Our thin section investigation of this material is not complete,
but preliminary studies show that the first andalusite to grow
was pale green, markedly birefringent, and presumably more
iron-rich than the rest, with marked sector zoning (figure 2).
This is surrounded with optically continuous, but less colored
and less birefringent, andalusite that is presumably less iron-
rich.

The dominant alteration product of andalusite is very fine-
grained muscovite, but in thin section one also sees minor
quantities of radiating, blue-green, pleochroic tourmaline [pre-
sumably schorl, NaFe 3A1 6(B0 3 ) 1Si 60 18(OH)4; violet-blue
pleochroic aggregates of dumortierite, Al 7(B0 3)(SiO4 ) 303; and
rare dark-blue hexagonal prisms of corundum, Al2O].

The occurrence of andalusite in pegmatites (usually un-
economic ones) is unusual (see reviews by Cern and
Hawthorne 1982 and Heinrich 1950). This rarity is presumably
due to the extremely narrow pressure-temperature range over
which andalusite, rather than muscovite or sillimanite, can
grow from a water-saturated peraluminous granitic melt. The
relevant equilibria are shown schematically in figure 3 (after
Thompson and Algor 1977). Experimental petrologists disagree
about the relative placement of invariant points 1 and 2 (some
would even have point 2 occurring within the sillimanite field,
which would make the andalusite occurrence at Szabo Bluff
impossible) but a rough estimate for point 2 would be about 3 to
4 kilobars, 650°C (Thompson and Algor 1977). The andalusite
pegmatites at Szabo Bluff must therefore have crystallized at
pressures below and temperatures above this estimate, within
the vertical-hatched area on the diagram. (This statement as-

sumes that the effects of minor boron, iron, calcium, etc. can be
neglected.)

The occurrence of corundum in mica replacing andalusite
from Szabo Bluff is another interesting scientific problem, in-
asmuch as corundum should be unstable in quartz-rich en-
vironments, such as pegmatites. The explanation (Rose 1957) is
that subsolidus potassium metasomatism of the andalusite to
muscovite leads to a local deficiency in silica in fluids within the
andalusite crystals, due to the fact than the aluminum-to-silicon
ratio in muscovite (1-to-1) is less than that of andalusite (2-to-1).
The overall reaction can be simplified to the following:

6 Andalusite + 2K + 3H20 2 Muscovite +
2 Corundum + 2H*.

Similar reactions could be written for the formation of dumor-
tierite (boron must be added) and tourinaline (boron, iron, and
sodium must be added).

The occurrence of giant andalusite crystals in the pegmatites
of Szabo Bluff thus is of considerable petrologic, as well as
mineralogic, interest. It reflects the position of the aluminosili-
cate triple point relative to the granite minimum melting curve
(still a matter of dispute among petrologists) and indicates an
extremely restricted set of crystallization conditions at relatively
low pressures and moderate temperatures.

Funding for this study was provided by National Science
Foundation grant DPI' 80-19991 and excellent logistical support
in the field was provided by the U.S. Antarctic Research
Program.
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Figure 2. Thin section (x 63, crossed polarizers) showing early birefringent, sector-zoned andalusite surrounded by less birefringent
andalusite that is veined and altered to fine-grained muscovite.

TEMPERATURE

Figure 3. (Left) Schematic pressure-temperature equilibrium di-
agram showing the narrow range of conditions (vertical hatchures)
under which andalusite pegmatites can form. (Invariant point 1 =
aluminosilicate triple point; invariant point 2 = Mu + Als + Ksp +
Ab + L + V.) Abbreviations: "Mu" denotes muscovite; "Als" de-
notes any aluminosilicate ("And" denotes andalusite; "Ky" denotes
kyanite; "Sil" denotes sillimanite); "Ksp" denotes K-feldspar; "Ab"
denotes albite, "L" denotes silicate liquid; "V" denotes hydrous
vapor. (Modified from Thompson and Algor 1977.)
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Large thecodont reptiles from the
Fremouw Formation

JOHN W. COSGRIFF

Department of Biological Sciences
Wayne State University
Detroit, Michigan 48202

The two vertebrate fossil specimens reported here were col-
lected in the richly fossiliferous exposures of the Lower Triassic
Fremouw Formation in the Cumulus Hills of the Queen Maud
Mountains (approximately 85°08'S 75°50'W) during the
1977-1978 season. One derives from the Collinson Ridge sec-
tion (Hammer and Cosgriff 1981) and the other from the Shenk
Peak section (Cosgriff, Hammer, and Ryan 1982). Accounts of
the program, of the stratigraphic sequence and of other fossil
material collected are provided by Collinson, Stanley, and Vavra
(1978), Cosgriff and Hammer (1979, 1981), and Cosgriff and
others (1978). The present specimens constitute the first evi-
dence of large thecodonts in the vertebrate assemblage of the
Fremouw Formation but are too fragmentary for close
identification.

The Thecodontia is a diverse order of archosaurian reptiles
which is almost entirely limited to the Triassic Period and which
is considered to contain the ancestory of crocodiles, dinosaurs,
pterosaurs, and birds. It comprises three suborders: Pro-
terosuchia, a primitive complex of species from the Late Per-
mian and Early Triassic; Pseudosuchia, a varied complex which
contains the most advanced thecodonts and which spans most
of the Triassic; and Parasuchia which consists solely of spe-
cialized crocodile-like forms and which is limited to the Late
Triassic. The Proterosuchia and Pseudosuchia are pertinent to
the present consideration as the present material compositely
shows affinity with both of these.

Humerus. Specimen wsuvp 1013, distal portion of a left
humerus (figure 1), was discovered at Shenk Peak, 28 meters
above formational base, in a 1-meter thick lens of fine siltstone.

Most of the distal 180 millimeters of the original complete left
humerus is present. The posterior edge of the fragment is
missing along its entire length and has been reconstructed with
plasticene. The anterior edge and most of the central and distal
portions are intact, however, and in excellent states of preserva-
tion. If the level of greatest constriction in the center of the shaft
marks the approximate midpoint of the bone, then the
humerus, when complete, measured about 240 millimeters in
length, signifying a very large thecodont for the stratigraphic
level. The specimen measures 27 millimeters across the mid-

shaft level of greatest constriction and 81 millimeters across the
distal end.

Morphologic features preserved on the specimen coincide
closely with the characterization of advanced archosaurian
humeri provided by Romer (1956) and, even more closely, with
the characterization of pseudosuchian humeri provided by
Krebs (1965). The complete bone was long and slender with an
extensive shaft. The missing proximal end must have had its
long axis nearly parallel to the long axis of the distal end as there
is no trace of torsion in the preserved portion of the shaft,
anterior and posterior borders remaining in the same plane
throughout. Although the distal end is expanded, both ect- and
entepicondyles are vestigial. Neither the ect- nor the entepicon-
dylar foramen is present, although the homologue of the for-
mer appears as the ectepicondylar groove. Laterally flanking
this groove is a distinct supinator process. The articular surfaces
for the radius and ulna are almost entirely limited to the ventral
surface, strongly suggesting that this pseudosuchian was lim-
ited to a sprawl-legged mode of locomotion as archosaurs with
semi-orthograde stance have radial and ulnar condyles extend-
ing onto the distal surface. Both condyles are circular, each is
about 28 millimeters in diameter and each is raised slightly
above the surrounding bone surface. They are separated on the
ventral surface by the 25-millimeter wide expanse of the
trochlear notch which carried the ginglymus for articulation
with the sigmoid notch of the ulna. The ginglymus is the only
part of the articular complex carried over onto the distal surface.

The features described above serve to place this specimen in
the Pseudosuchia according to the criteria of Krebs (1965). Fur-
ther, they tend to relate it most closely with species of the family
Rauisuchidae of this suborder such as Stagonosuchus nyassicus
(Huene 1938) from the Ladinian of eastern Africa and
Ticinosuchus ferox (Krebs 1965) from the Anisian of Switzerland.
The only notable character states which distinguish the ant-
arctic humerus from the humeri of these species is a greater
degree of constriction in the center of the shaft and limitation of
the ulnar and radial articular condyles to the lower surface; in S.

nyassicus and T. ferox the articulations extend onto the distal
surface, indicating more upright postures.

Krebs (1965) contrasts the generalized humerus of T. ferox
with various specializations in construction of the element
found in other pseudosuchian families and in other arch-
osaurian groups such as parasuchians, crocodilians, and sau-
rischian dinosaurs. The antarctic specimen also lacks these spe-
cializations, strengthening the surmise that it derives from a
rather primitive pseudosuchian such as a rauisuchid.

The present specimen differs markedly from the humeri of
proterosuchians. Representative species of this suborder,
which was the most prevalent and diversified group of arch-
osaurs during the Early Triassic, include Chasmatosaurus yuani
(Young 1936), Erythrosuchus africanus (Huene 1911), and
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Figure 1. Left humerus (wsuv 1013). A, dorsal view; B, ventral view; C, distal view; D, cross-section of center of shaft (at dashed line in A).
Abbreviations; "cap" denotes capetellum (radial condyle); "s.ect" denotes ectepicondylar groove; "sup" denotes supinator process; "s.tr"
denotes trochlear notch; "tr" denotes trochlea (ulnar condyle).

Shanshisuchus shansisuc/zus (Young 1964). In all of these the
humerus is a short, massive element with very little shaft de-
velopment. Considerable torsion is present as the axis of the
proximal end is set at nearly 900 to the axis of the distal end. The
ectepicondyle is a well-developed structure projecting out from
the radial condyle.

Vertebra. Specimen wsuvi' 1097, centrum of a cervical or ante-
rior dorsal vertebra (figure 2), was discovered at Collinson
Ridge, 43 meters above formational base, in a 3-meter thick lens
of siltstone.

The neural arch and associated structures are broken away,
leaving only the centrum and the broken bases of the processes
that carried the rib articulation areas. The centrum is a solid,
cylindrical structure, 33 millimeters in length. The anterior and
posterior surfaces are circular, both about 35 millimeters in
diameter. In vertebral terminology, this centrum is shallowly
amphicoelous as both anterior and posterior surfaces are
slightly concave with faintly marked notochordal pits at their
centers. An advanced archosaurian feature which is lacking in

this specimen is the constriction in the middle of the length
which produces a "waist" on the centra of many thecodonts and
dinosaurs.

The dorsal aspect retains the floor of the spinal canal and the
central part of this is produced downward as a deep pit exca-
vated into the body of the centrum. Ewer (1965) notes very
similar pits on vertebrae of Euparkeria capensis and interprets
them as accommodations for either ganglionic expansions of the
spinal cord or non-nervous bodies of tissue associated with the
cord.

Each vertical process stands out strongly from the body of the
centrum. The right-hand process is the more complete and its
configuration suggests that three articular facets for the rib were
present: the normal diapophysis for the capitulum of the rib
above, the normal parapophysis for the tuberculum below, and
an uncommon auxillary facet between these in the center. The
presence of both the dia- and parapophysis on the centrum
rather than one or both on the missing neural pedicle identifies
the specimen as either a cervical or anterior dorsal vertebra.

ke
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Figure 2. Vertebra (wsuvP 1097). A, anterior view; B, posterior view;
C, longitudinal cross-section; D, right lateral view; E, left lateral
view; F, dorsal view. Abbreviations: "dia" denotes diapophysis; "ex"
denotes excavation (pit) in floor of neural canal; "i.f" denotes Inter-
mediate (auxiliary) rib articulation facet; "n.c" denotes floor of neu-
ral canal; "n.p" denotes notochordal pit; "p" denotes broken bases
of neural arch pedicles; "par" denotes parapophysis.

then the speculation must be that a primitive pseudosuchian,
perhaps a proto-rauisuchid, contributed the humerus and pro-
terosuchian, either a proterosuchid or an erythrosuchid,
provided the vertebra. The second part of this speculation pro-
ceeds from placing the most weight on the triple condition of
the rib articulation area and on the lack of a waist on the body of
the centrum. If the humerus and the vertebra represent the
same species then a synthetic view is in order, namely that this
species lay in an evolutionary transition stage between a pro-
terosuchian and a generalized pseudosuchian such as a
rauisuchid. Such a form would have been a structurally primi-
tive thecodont as the set of the ulnar and radial condyles on the
humerus indicate a sprawl-legged posture; Charig (1972) has
documented the general trend from this state to fully upright
limb posture through the evolution of the Archosauria.

In any event, the present material, fragmentary though it is,
constitutes an important record not only for the Fremouw For-
mation but for the Earliest Triassic as it is known over the globe.
The humerus constitutes the only record anywhere for this
interval of a nonproterosuchian thecodont. If the vertebra is not
homotaxial with the humerus and, instead, represents a true
proterosuchian, then a first record of this group in Antarctica is
provided.

Figures 1 and 2 were drawn by Steven M. Bishop. This re-
search was supported by National Science Foundation grants
DPP 79-26279 and 80-19996.
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Permian and Triassic woods from the
Transantarctic Mountains:

Paleoenvironmental indicators

TIMOTHY H. JEFFERSON* and THOMAS N. TAYLOR

Department of Botany
and

Institute of Polar Studies
The Ohio State University

Columbus, Ohio 43210

Silicified wood is abundant in the Beacon Supergroup rocks
of the Transantarctic Mountains (Barrett 1969; Schopf 1970). We
have examined material from localities in the Fairchild and
Buckley Formations (Permian) and Fremouw and Falla Forma-
tions (Triassic), including a large amount of fossil wood from the
permineralized peat" deposit of Mount Augusta at the south-

ern end of the Queen Alexandra Range (Schopf 1970, 1971,
1977). The woods were derived from arborescent gymnosper-
mous plants, some of which are estimated to have been in
excess of 22 meters in height, as shown by the fossil log at
Mount Falla (Barrett 1969). Secondary xylem is generally well
preserved (figure 1) and is of the Araucaricxylon-type. Since
environmental conditions can influence the growth of plants
strongly, the record of growth, both normal and traumatic, in
these fossil woods may be important in assessing features of
paleoenvironment. This is of particular interest because the
paleolatitude of the area was between 65° and 80°S (Smith,
Hurley, and Briden 1981), and similar soutnern latitudes today
support little in the way of a vascular flora.

Growth rings in Araucarioxylon from Antarctica are well de-
fined up to 8 millimeters in width and suggest a seasonality of
climate and potentially high growth rates (figure 2, block a).
Creber and Cha loner (in press) suggest that light levels in polar
regions might be adequate to support rapid tree growth, if trees
were widely spaced and had conical crowns, and if tem-
peratures throughout the growing season were high enough to
sustain metabolic processes. As yet we know little about
branching patterns and growth position of antarctic fossil trees.

*Doctor Timothy H. Jefferson was killed in an avalanche on 12 Sep-
tember 1983, while working on a glaciology and climatology expedition
in the Cordillera Blanca, Peru.

However, trees buried in place (Collinson personal communica-
tion) may be useful in establishing these parameters. Growth
rates are comparable with those found in warm temperate areas
today (LaMarche et al. 1979). Ring widths are also very variable;
mean sensitivity, a statistical measure of variability, is between
0.39 and 0.5 (on a scale of 0-1), 0.3 being the value at which trees
are regarded by convention as climatically sensitive (see Fritts
1976). Variability of this type is rare in fast growing trees, but is
found in some warm-temperature species whose growth is
limited by early growing season cloudiness and light
availability.

Growth rings of the fossil woods strongly suggest that the
habitat of the trees was that of a coastal plain on the southern

Figure 1. Scanning electron photomicrograph of radial fracture sur-
face of late Permian Araucarioxylon wood from Mount Augusta,
Transantarctic Mountains. C13.467, x 160, showing tracheids (T)
with bordered pits, and two medullary rays (MR) with up to 10 cross-
field pits (arrowed) between ray and tracheid cells.
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Figure 2. (a) Large and variable growth rings in early Traissic wood
from Fremouw Peak, Ant. 70-9-133 x 2.5. The largest ring is 5.3
millimeters across. (b) Growth rings in late Permian wood from
Mount Augusta; presumed "annual ring" boundary at top, with
abrupt change from small late wood cells to large early wood cells
produced at the beginning of the next growing season; part of a
presumed "false ring" below showing gradual increase in cell size.
CB 468D, x 110.

margin of the antarctic plate which was warm and ice free for at
least 3 months of the summer. This suggests that no major ice
body existed over the south pole or the antarctic continent
during the late Permian and early Triassic.

Rings of small cells, superficially resembling ring boundaries,
were found in several specimens (figure 2, block b). These are
often discontinuous around the axis and are characterized by a
gradual, rather than abrupt, centripetal increase in cell size.
Such temporary decelerations in growth, or "false rings," may
be caused by growing season drought or, less commonly, de-
foliation by insects or storms, in living trees (Fritts 1976).

In some axes scars are present where areas of the cambium
were disrupted and then grown over by surrounding tissues.
By examination of the morphology of the scars and the histo-
logy of the regenerative tissue, we were able to recognize sever-
al types of scars that suggest different origins. Some scars asso-
ciated with traumatized tissue away from the site of scarring
suggest damage by low-intensity fires (figure 3). Others, where
puncture of the tree is indicated, suggest damage inflicted by
animals.

Discontinuous rings of poorly differentiated, parenchyma
cells occur within the secondary xylem of many specimens. In
living trees, this type of tissue is produced by frost which
damages the cambial initials. The only other environmental
influence known to produce tissue of this type is low-intensity
forest fire which may damage the cambium without causing any
scarring.

Besides contributing important paleobiological information
on the evolution and past distribution of plants, anatomically
preserved wood may be a useful paleoenvironmental indicator

because of information recorded in growth patterns. It is sug-
gested that during the late Permian and early Triassic the south-
ern margin of the antarctic continent experienced summers
similar in temperature to those of warm-temperate (or lower)
latitudes today. Although further research is desirable on both
living and fossil woods to test the validity of some of the causal
factors hypothesized here, abnormal and regenerative growth
may be useful in adding to our understanding of paleoenviron-
ments. This evidence suggests that drought, fire, and animal
damage (and possibly growing-season frosts) were common in
the Permo-Triassic forests of Antarctica.

This work was supported by National Science Foundation
grant DPP 82-13749.

Figure 3. Transverse sections through scars interpreted as being
caused by fire in early Triassic wood from Fremouw Peak, Ant.
70-9-129. (a) Magnification x 1.2, showing two scars (arrowed) sep-
arated by 27 years of "normal" growth. (b) Magnification x 7, detail
of upper scar (sectioned at higher level), showing area over which
cambium was damaged (d); callus tissue (c); and extraxylary tissue
(ex) occluded by overgrowth of the scar.
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Structurally preserved plants from the
Beardmore Glacier area

THOMAS N. TAYLOR and EDITH L. SMOOT

Department of Botany and Institute of Polar Studies
The Ohio State University
Columbus, Ohio 43210

The Beardmore Glacier region contains several deposits of
silicified peat that range from the late Permian to the Triassic
(Schopf 1970, 1971, 1977). These sites are especially important
paleobotanically because they represent one of the few deposits
of this age in the world that yield anatomically preserved plant
fossils. The plants from this time period provide an essential
link between the well-known Carboniferous floras and younger
Mesozoic and Tertiary plants. Because many Pennsylvanian
plants are known from anatomically preserved specimens (i.e.,
coal ball floras), these antarctic fossils represent a rich source of
information that can be used to examine changes in anatomy
and morphology of taxa through time.

The material that is currently under investigation consists of
silicified plant remains collected on several antarctic field trips.
The material was included in the collections of the late James M.
Schopf and is currently deposited in the Orton Museum of The
Ohio State University. The initial phases of the research have
involved the organization and cataloging of the collection and
the identification of material suitable for further research.

A preliminary examination of the silicified material indicates
that the Permian and Triassic fossils are similar to the Pennsylva -
nian coal ball material in preservation of cellular details. A
variety of plant structures representing many of the major
groups of plants are present, including various types of fungi,
gymnospermous seeds with well-preserved gametophytes (fig-
ure 1), axes representing both underground and aerial parts of
Glossopteris and associated taxa, fern stems and petioles (figure
2), cycad axes (figure 3; Taylor, Smoot and Delevoryas in press),

and a number of problematic plant remains. In addition to the
exceptional quality of the preservation of these plants, the di-
versity of the flora is excellent and compares favorably with
compression floras of similar age.

Figure 3 is a transverse section through a portion of the stem
of a cycad from the Triassic of Fremouw Peak. A small amount of
secondary xylem (arrow) is present surrounding a large par-
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Figure 1. Section through gymnospermous seed with well-pre-
served cellular megagametophyte. 451 D 2 (B-1 1), x 21. Mount Au-
gusta locality, Permian.
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Figure 2. Transverse section through fern stem. 543 A (B-i), x 38.
Fremouw Peak locality, Triassic.

enchymatous pith. Leaf traces in the cortex demonstrate the
girdling pattern characteristic of living members of the
Cycadales. In addition to this stem, cycad leaf bases, petioles,
and roots are present in the peat deposits. Despite the fact that
members of the Cycadales are known from sediments as old as
the Permian, the antarctic cycad is particularly important be-
cause it represents one of the oldest anatomically preserved
members of this order.

At the present time several projects on the anatomy and
morphology of these plants are in progress involving material
from the collections of Schopf. The actual diversity of the floras
may be far greater than the initial collections indicate and there-
fore future field work is planned. Previous field observations
indicate that the deposits are fairly extensive and provide an
opportunity to examine a number of geological and pal-
eoecological parameters such as environments of deposition,
succession of floras, and palynology of associated strata. In
addition, it is anticipated that an examination of associated coals
will be undertaken during the field work phase of this study.
The Permian and Triassic structurally preserved plants from
Antarctica provide a unique opportunity not available

elsewhere in the world to investigate the evolution of floral
elements that are transitional from Paleozoic to Mesozoic times.

This work was supported by National Science Foundation
grant DPP 82-13749.
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Figure 3. Transverse section through a portion of a cycad stem. 582
B (T27-a), x 7.5. Arrow indicates secondary xylem. Fremouw Peak
locality, Triassic.
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Long-period solar tides at the South
Pole

P. A. RYDELEK and L. KNOPOFF

Institute of Geophysics and Planetary Physics
University of California

Los Angeles, California 90024

Amundsen-Scott South Pole Station is uniquely located for
observing both the lunar and solar long-period vertical Earth
tides. At the South Pole these tides havt maximum amplitude.
While the semidiurnal and diurnal tides theoretically should
vanish. Information describing the response of the Earth to very
long-period tides is a valuable datum bearing on the bulk elastic
and damping properties of the Earth at a frequency far removed
from the seismic and free-oscillation frequency band. From
several year-long records, which include only a few tens of
monthly oscillations, we have determined with high accuracy
the gravimetric factor and phase angle for the lunar semi-
monthly tides (Rydelek and Knopoff 1982) and the gravimetric
factor for the lunar monthly and termonthly tides.

The solar long-period tides are a result of the inclination of
ellipticity of the Earth's orbit; the largest component has a semi-
annual period with amplitude at the South Pole of about 10
microgal peak-to-peak. However, an uninterrupted record of
considerably greater length than 12 months is needed if the data
are to be used to determine the response of the Earth to the solar
semiannual and annual tides. During the 3 years 1977-1979, our
LaCoste-Romberg Earth tide meter ET-4 was operated at the
South Pole without significant interruptions in the recording of
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Figure 1. (a) Predicted and (b) observed gravity data. Both signals
have been filtered numerically to isolate the solar long-period tides.
Predicted signal is for a rigid Earth. (Ordinate in units of microgals.)

the time series and with accountable drift. To isolate the solar
long-period tides, the hourly averages of gravity data were
filtered numerically with a nonrecursive filter designed to elimi-
nate other signals, such as long-period instrumental effects,
and the higher frequency Earth tides we have observed at the
South Pole (Rydelek and Knopoff 1982; Rydelek, Knopoff, and
Zürn 1982). The filtered gravity data and the theoretically pre-
dicted solar tide for a rigid Earth are shown in figure 1; the
observations evidently contain a semiannual as well as an an-
nual component. However, this record from the South Pole is
less than 5 semiannual cycles in length, a time span far too short
for conventional methods of analysis such as Fourier analysis.
We have used the method of maximum entropy spectral analy-
sis to compute the power spectrum of our gravity record.

A predictive filter has been constructed that gives a white
spectrum when applied to the time series. Thus the spectrum of
the predictive filter is, in a sense, the inverse spectrum of the
original time series. The predictive filter was determined from
the linear prediction algorithm of Barrodale and Erickson
(1980). Figure 2 displays these power spectral estimates over the

FREQUENCY (CPY)

Figure 2. Estimates of spectral power from the maximum entropy
spectral analysis of the observed data. (Abscissa in units of cycles
per year.)

frequency band 0-4 cycles per year. The spectral estimates show
the presence of a strong semiannual component along with
other smaller components at annual and terannual periods. For
the semiannual component, both the sharpness and location of
the spectral peak would seem to indicate a tidal origin.
However, a similar maximum entropy analysis of barometric
pressures at the South Pole and temperatures outside the dome
also indicate the presence of a spectral line with semiannual
periodicity. Barometric pressure variations cause gravity pertur-
bations both by direct attraction of the air mass and surface
loading (Slichter et al. 1979), while temperature variations cause
elevation changes and tilts of the expanding and contracting ice
sheet at the South Pole, the causes of the semiannual fluctua-
tions in pressure and temperature at the South Pole are as yet
unresolved. We speculate that these semiannual temperature
and pressure effects are due to a division of the thermal and
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barometric year at the South Pole into unequal summer and
winter segments.

Due to the relative shortness of the record for 1977-1979, we
are unable to separate the tidal from the nontidal effects and
hence cannot determine the gravimetric factor for the solar
long-period tides at this time. We expect that our ability to
separate the tidal and nontidal effects will be significantly im-
proved by expanding our record with 3 additional years of data
from the South Pole (1980-1982), which will soon be available.

This research was supported by National Science Foundation
grant DPP 81-17325. We thank Tadashi Yogi (1977), Robert Coun-
tryman (1978), and Carl Morris (1979) for collecting the data
used in this investigation.
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USCGC Glacier cruise I, December
1982—January 1983: Reconnaissance
of hyaloclastites in the western Ross

Sea region

1,800 meters) hyaloclastite-rich volcanic sections along the Hal-
lett Coast and those in Marie Byrd Land. This raised the ques-
tion of whether these differences were related to variations in
the physical and chemical character of the lava or to differences
in glacial history and related styles of eruptions. For example, it
was clear from Hamilton's (1972) descriptions that crystalline

WESLEY E. LE MASURIER and PAMELA J. ELLERMAN

Geology Department
University of Colorado-Denver

Denver, Colorado 80202

WILLIAM C. MCINTOSH and ANNE C. WRIGHT

Department of Geoscience
New Mexico Institute of Mining and Technology

Sorocco, New Mexico 87801

A field reconnaissance of Cenozoic volcanic rocks from Cape
Adare (170°E 71°20'S) along the Hallett Coast to Beaufort Island
(167E 76°58'S) was undertaken by us as a cooperative project on
board USCGC Glacier during the 1982-1983 field season. (See
figure.) Our combined objectives included a geochemical study
of the McMurdo volcanics and a comparison of western Ross
Sea hyaloclastites with similar rocks in Marie Byrd Land. This
preliminary report emphasizes field observations that are perti-
nent mainly to the hyaloclastite study and presents an alter-
native to previously published interpretations of the Hallett
pyroclastor rocks.

Hyaloclastites are volcanic deposits composed predomi-
nantly of fragmented volcanic glass. The rapid chilling of lava to
produce glass and the fragmentation of the glass to produce
hyaloclastite are both caused when lava interacts with abundant
water during an eruption. In Antarctica, hyaloclastites have
been interpreted as products of subglacial eruptions in both
Marie Byrd Land (Le Masurier 1972; Le Masurier and Rex 1982)
and in the Hallett Volcanic Province, along the western coast of
the Ross Sea (Hamilton 1972). Ice levels respectively 2,000
meters and 1,600 meters higher than the present level have
been inferred in these regions from the thicknesses and eleva-
tions of hyaloclastites.

Prior to cruise I, it was apparent from published reports that
there were some major differences between the thick (up to
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Index map of the western Ross Sea region, after Gair and others
(1970) and Hamilton (1972).

60	 ANTARCTIC JOURNAL



lava interbeds (called nodular lavas and megapillows) in the
hyaloclastite tuffs and breccias were perhaps two or three times
more abundant in the Hallett Province than in Marie Byrd
Land. Futhermore, the Hallett megapillows were larger and
more regularly jointed than the most closely comparable lava
interbeds in Marie Byrd Land. Dikes of both lava and tuff are
abundant in the Hallett volcanic piles but are virtually absent in
the equally well exposed rocks of Marie Byrd Land. These
comparisons pertain mainly to the eastern cliff sections of the
Adare and Hallett Peninsulas and Coulman Island. On the
western flank of Adare Peninsula and adjacent southwestern
Robertson Bay, Jordon (1981) found what he describes as a
westward dipping sequence of basaltic and trachytic rocks that
reach a maximum thickness of 1,500 meters. These rocks are
predominantly subaerial flows and reddish brown scoria, ex-
cept for a palagonite breccia unit that forms the basal 150-200
meters of the section. Published potassium/argon ages of the
Hallett volcanics include 13 dates from the Adare Peninsula,
that cluster in the 6-12 million-year range, two dates of 5.4
million years and 6.6 million years from the Hallett Peninsula,
and one of 7.3 million years from Coulman Island (Hamilton
1972; Kreuzer et al. 1981).

Our observations during cruise I concentrated on the spec-
tacular seaward (or eastern) cliff exposure of the Adare and
Hallett Peninsulas and on the offshore islands. We verified the
abundance of crystalline rock as dikes and as sheets interbed-
ded with tuff. We were also impressed by the common occur-
rence of red and black cinders, bombs, and flow rock that are
characteristic of subaerial Strombolian deposits; by the pres-
ence of extensive yellow- and green-colored hydrothermal al-
teration around dike swarms; and by the common occurrence of
autobrecciated flow rock. In the latter breccias, fragmentation is
produced by continued flowage of viscous lava rather than by
the explosive interaction of lava and water that characterizes the
formation of hyaloclastite tuffs and breccias. The hyaloclastite
tuffs that we observed did not seem to us to occur as a well-
defined basal pedestal overlain by subaerial volcanic rocks and
thus, we could not confidently gain an impression of former ice
levels. Instead they occurred in most cases as remnants of tuff
cones interbedded with Strombolian deposits and autobrecci-
ated flows. Our preliminary conclusion is that the volcanoes
along the western Ross Sea margin contain a larger proportion
of subaerial volcanic rock throughout the section than Hamilton
envisaged and that this accounts for most of the differences
between the Hallett Province volcanoes and the hyaloclastite
sections in Marie Byrd Land.

Hamilton (1972) estimated that ice levels around the Adare
Peninsula had been previously as much as 1,200 to 1,600 meters
above sea level, a figure based on elevations of glacial erratics,

the thickness and elevation of ice contact breccias on the east
side of the peninsula, and the calculated hypothetical level of an
ice sheet grounded at the edge of the continental shelf. We could
not find convincing evidence for eruptions beneath an ice sheet
that stood 1,200 to 1,600 meters above sea level around the
Adare Peninsula, though we do not question the evidence of
higher post-volcanic ice levels represented by the erratics. We
suspect that the volcanic piles in the Hallett Province, and at
Franklin and Beaufort Islands represent eruptions that were
predominantly periglacial rather than subglacial with alternat-
ing episodes of Strombolian, phreatomagmatic, and shallow
subglacial activity. It is premature to speculate on the signifi-
cance of these observations in the context of Ross Sea glacial
history. Our field identification of subaerial deposits,
hyaloclastites, and hydrothermal alteration need further docu-
mentation by petrographic, X-ray, and geochemical studies,
and the chronology of the deposits is not yet well enough
established to provide constraints on the timing of ice-level
changes in the Miocene and Pliocene. These laboratory studies
are just getting under way at the time of writing.

This study was supported by National Science Foundation
grants DPP 80-20836 and DPP 80-20002 (to P. R. Kyle). We are
pleased to acknolwedge the capable and enthusiastic support of
Captain P. R. Taylor and all members of the crew of USCGC Glacier
and the Coast Guard helicopter detachment.
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Ellsworth Mountains studies,
1982-1983

GERALD F. WEBERS

Macalester College
St. Paul, Minnesota 55105

JOHN F. SPLETTSTOESSER

Minnesota Geological Survey
University of Minnesota

St. Paul, Minnesota 55114

Further progress was made during the past year in detailed
investigations of the materials collected during the 1979-1980
field season in the Ellsworth Mountains. Results of some of
these studies were presented at two geological meetings in
1982. The principal investigator and others presented several
papers on Ellsworth Mountains geology at the Fourth Interna-
tional Symposium on Antarctic Earth Sciences, held at the Uni-
versity of Adelaide, South Australia, in August. A symposium
on "The Geology of the Ellsworth Mountains" was organized
and chaired by Campbell Craddock, Gerald Webers, John
Splettstoesser, and Mort Turner at the 95th annual meeting of
the Geological Society of America, held in New Orleans, Loui-
siana, in October. This symposium of 13 papers was held in
commemoration of the 100th and 50th anniversaries of the
International Polar Years and the 25th anniversary of the Inter-
national Geophysical Year. These papers also provided the basis
for the start of a volume on the geology and paleontology of the
Ellsworth Mountains. A tentative list of 28 papers is planned for
the volume, which is being edited by C. Craddock, J . F. Splett-
stoesser, and G. F. Webers for the Memoir Series of the Geo-
logical Society of America.

An annotated bibliography of the Ellsworth Mountains was
compiled as an aid to provide control of the literature pertaining
mainly to the geology of the area. This bibliography, which
included 117 citations as of May 1983, is intended primarily as a
basis for literature search by authors of chapters for the volume

mentioned above. A copy of the bibliography is available on
request.

Among the significant discoveries that have resulted from the
1979-1980 field season, several pertain to fossil material from
the northern Heritage Range. The first conodonts reported
anywhere in antarctica were found in the Late Cambrian carbo-
nate rocks of the Heritage Range at Springer Peak (79°24'S
84°53'W) in the northern extremity of Webers Peaks (Buggisch
1982). The Minaret Formation of Late Cambrian age (also from
Webers Peaks) was found to contain sponge-like forms that have
been identified by F. Debrenne as belonging to the family Ar-
chaeocyathidae (Debrenne, Rozanov, and Webers in press),
thus confirming Webers' first suggestion (Craddock and
Webers 1964) that these forms were indeed archaeocyathans.
These forms are unique because they have survived later than
Middle Cambrian time, a situation reported only rarely from
other parts of the world. A new genus has been proposed
(Debrenne, Rozanov, and Webers in press) and a new mor-
photype (Debrenne and Webers in press) to describe an anat-
omy that is different from earlier Cambrian types. Further stud-
ies are being conducted on the numerous trilobites, mollusks,
and other fossils collected in the 1979-1980 season, as well as on
details of the structure and metamorphic aspects of the
mountains.

This work was supported by National Science Foundation
grant DPP 78-21720 to Macalester College (G. F. Webers, prin-
cipal investigator).
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Campanian palynomorphs from James
Ross and Vega Islands, Antarctic

Peninsula

ROSEMARY A. ASKIN

Geology Department
Colorado School of Mines
Golden, Colorado 80401

Fossil palynomorph assemblages recovered from The Naze,
northeastern James Ross Island, and Cape Lamb, Vega Island
(figure), northeastern Antarctic Peninsula, are believed to be of
Campanian (Late Cretaceous) age. Samples were collected dur-
ing brief visits by the USCGC Glacier's helicopter in March 1982
and include two samples from The Naze and 10 from Cape
Lamb.

The samples are from the Lopez de Bertodano Formation
(Rinaldi 1982) and include carbonaceous muddy silts and silty
muds, plus a siltstone and a silty limestone from Cape Lamb.
All 12 samples contain fossil palynomorphs, including marine
phytoplankton (dinoflagellate cysts and acritarchs), and pollen
and spores from land-plants.

The dinoflagellate cysts Cribroperidinium sp. and Odontochitina
operculata (O.Wetzel) Deflandre and Cookson predominate in
the two samples from The Naze. Other dinoflagellates include
cf. Canningiopsis sp., Isabelidinium sp. and rare Odontochitind
porifera Cookson.

The 10 samples from Cape Lamb contain abundant
acanthomorph acritarchs (Micrliystridium sp.) and peridiniacean
dinoflagellates [cf. Alterbia sp. and Isahelisinium cretaceum (Cook-
son) Lentin and Williams]. Cribroperidinium sp., Spiniferites
ramosus (Ehrenberg) Loeblich and Loeblich, Operculodinium sp.
and Odontoc/iitina porifera are common. No 0. operculata were
observed. Infrequent specimens of cf. Canningiopsis sp.,
Leberidocysta cf. chiamydata (Cookson and Eisenack) Stover and
Evitt, and Palaeocystodiniurn spp. also occur.

The marine phytoplankton component exhibits every low
diversity with large numbers of specimens for a few species
and, judging from the predominance of previously un-
described species, is highly provincial in nature.

The land-plant component of the palynofloras is more di-
verse and, at Cape Lamb, is more abundant than the micro-
plankton. Podocarpaceous conifer pollen and southern beech
(Nothofagidites spp.) are the most abundant. The podocar-
paceous element includes mainly Podocarpidites spp. (e.g., P.
ellipticus Cookson), plus Microcachrydites an tarcticus Cookson,
Phyllocladidites mawsonii Cookson, and Podosporites microsaccatus
(Couper) Dettmann. The Nothofagidites pollen are mostly brassii
group representatives (e.g., N. kaitangatus Te Punga) with rare
members of the fusca and menziesii groups.

Rare proteaceous pollen occur in the Cape Lamb samples.
These are almost all small simple types (Proteacidites parvus
Cookson and P. subscabratus Couper).

Various pteridophyte spores and mainly simple tricolpate,
tricolporate, and triporate angiospermous pollen occur in all the
samples. The angiosperm pollen include Tricolpites gillii Cook-
son and previously undescribed species.

The samples from Cape Lamb are believed to be late Campa-
nian in age, although they may be as young as earliest

Maestrichtian. They show some differences, however, from
assemblages of certain Maestrichtian age from nearby Seymour
Island. The marine component is most similar to assemblages
from Piripauan (mainly Campanian) and lower Flaumurian
(Haumurian Stage is upper Campanian and Maestrichtian)
rocks from various localities in New Zealand (Wilson 1982).

The Naze samples are believed to be of slightly older Seno-
nian age, probably also Campanian. The older age is based on
the presence of Odontochitina operculata and lower diversity of
angiospermous pollen, although the latter may be facies-con-
trolled in part as these samples were apparently deposited
further offshore than the Cape Lamb samples (see below).

The land-plant component supports a late Senonian age for
both outcrops and resembles late Senonian assemblages from
New Zealand, southern South America, and Australia.

Del Valle, Fourcade, and Medina (1982) concluded the am-
monoids at Cape Lamb and The Naze are middle Campanian in
the most recent published work on fossil invertebrates, al-
though there are problems concerning the previously accepted
stratigraphic ranges of the James Ross basin ammonoids (Mar-
cellari personal communication). The palynological evidence
suggests the Cape Lamb beds are younger than those at The
Naze, contrary to the conclusion of del Valle et al. (1982) based
on structural relationships.

Abundance of Acanthomorphitae acritarchs (as discussed in
e.g., Wall, 1965), together with abundant and relatively diverse
land-derived palynomorphs, suggests a near-shore environ-
ment of deposition for the Cape Lamb samples.

This research is supported by National Science Foundation
grant DPP 80-20095. I also wish to thank Stephen R. Jacobson
and Judith K. Lentin for helpful discussion; Captain Coste and
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crew of USCGC Glacier for logistic support; and fellow members
of the 1982 Seymour Island expedition, particularly R. Farley
Fleming for help in collecting the samples.
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Quarternary glacial marine deposits
on Seymour Island

WILLIAM J . ZINSMEISTER and THOMAS J. DEVRIES

Institute of Polar Studies
The Ohio State University

Columbus, Ohio 43210

Seymour Island, located on the northeast tip of the Antarctic
Peninsula is dominated by a prominent steep-sided flat-topped
meseta at the north end of the island. The top of the meseta dips
slightly to the southeast with a number of small shallow gullies
cutting the surface on the east side. The surface of the meseta is
covered by veneer of coarse glacial debris with erratics some of
which attain a diameter of 3 meters. These erratics range in
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Figure 1. Aerial view of the north end of Seymour Island looking east
toward the Weddell Sea. The Weddell Formation caps the top of the
prominent flat-topped meseta. The arrow at the southeast corner of
the meseta points to the location of figures 2 and 3.

composition from basalts, locally derived from James Ross Is-
land, to metasediments from the central part of the Antarctic
Peninsula. Although previous geologists have visited Seymour
Island on a number of occasions during the last 10 years, none
was concerned with the glacial history of the island, and it was
generally assumed that the erratics are presented moraine de-
posits left during the retreat of ice at the end of the Wisconsin.

Figure 2. Outcrop of the Weddell Formation exposed in small gully
just below the top of the meseta. Arrow on figure 3 points to this
exposure. Note the presence of large number of dropstones.

During the 1981-1982 season while studying the Upper
Eocene La Meseta Formation at the southeast corner of the
meseta (figure 1), we discovered an outcrop that clearly shows
that erratics on the meseta surface were derived from a pre-
viously unrecognized glacial marine deposit (informally re-
ferred to here as the Weddell Formation) that caps the top of the
meseta. This glacial marine deposit consists of approximately 20
meters of medium gray, loosely consolidated, poorly sorted,
sandy silttone with numerous dropstones (figure 2). Although
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the lower contact of these glacial marine beds with the La
Meseta Formation is not well exposed, it is apparent that the
Weddell Formation was deposited on an irregular topography
with low relief (figure 3). The similarity in the lithology of the
sediments of the Weddell Formation with the Upper Eocene La
Meseta Formation and the lack of good exposures of the Wed-
deli Formation are the primary reasons for these glacial marine
beds having been overlooked.

The poorly consolidated nature of these sediments of the
Weddell Formation was also a factor in their being overlooked
by earlier geologists (including Zinsmeister during an earlier

Figure 3. View of the southeast corner of the meseta. Dashed line
marks the contact between the La Meseta Formation (LM) and the
glacial marine sediments of the Weddell Formation (G). Arrow points
to the outcrop pictured in figure 2. Note marked break in slope along
the ridge betweer, the two formations at the left side of figure.

expedition to Seymour Island in 1975). The sandy siltstones
weather rapidly and the finer-sized fraction is blown away by
the strong winds, resulting in the development of a desert
pavement-like surface of erratics on the meseta surface.
The veneer of erratics effectively conceals the presence of the
underlying sediments except in a few areas such as the south-
east corner of the meseta where the slope is too steep for the
erratics to collect and in the small gullies on the east side of the
meseta top. With the recognition that the top of the meseta is
capped with these glacial beds, its presence becomes obvious
and its being overlooked even more surprising. Near the top of
the 'meseta there is a distinct break in slope resulting from
differences in the weathering characteristics of the Weddell and
La Meseta Formations clearly revealing the presence of the
former. Although the surface of this slope is mantled with
erratics, small weathered chips of the medium gray sandy silt-
stone are common amongst them. In the past these sediments
were assumed to be residual deposits formed from the weather-
ing of the La Meseta Formation and mixing of erratics from the
surface of the meseta.

Several small samples were collected for microfossils. A pre-
liminary examination by Rosemary Askin revealed the presence
of large numbers of reworked palynomorphs from the underly-
ing Tertiary and Cretaceous sediments which crop out over a
large area of this part of the Antarctic Peninsula. Unfortunately
no diagnostic Neogene taxa, which could be used to determine
the age of the Weddell Formation, were present. Because of its
glacial character, the Weddell Formation is assumed to have
been deposited sometime during the Neogene. Future micro-
fossil sampling may enable a more precise age assignment of
the Weddell Formation and provide insight into the Late
Cenozoic glacial history of the north end of the Antarctic
Peninsula.

This research was supported by National Science Foundation
grant DPP 80-20096.
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Unusual periglacial features on
Seymour Island, Antarctic Peninsula

WILLIAM J . ZINSMEISTER
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Seymour Island, located at nearly 65°S on the northeast tip of
the Antarctic Peninsula, is one of the few ice-free islands in
Antarctica. Although the island is free of ice, typical periglacial
features such as pattern grounds or solifluction lobes associated
with high-latitude snow-free regions are absent. The absence of
periglacial features is believed to be the result, in part, to the
porous unconsolidated nature of the Upper Cretaceous-Lower
Tertiary sediments that form the island. The extremely porous
nature of the rocks enables melt water to drain away quickly
during the warm summer months resulting in a dry, loosely
consolidated surface. The primary erosional process operating
on the island is summer runoff. The unconsolidated nature of
the rocks allows for rapid downcutting of stream channels by
summer runoff. As a consequence, a badland topography typ-
ical of arid regions of lower latitudes has developed on Seymour
Island. In addition to the rapid erosion due to runoff, wind
erosion and deflation also play important roles in modifying the'
surface of the island. The absence of vegetation and the soft
nature of the sediments intensifies the erosional effects of
winds during and after storms.

One unusual periglacial feature that has developed on
Seymour Island is semipermanent deposits (referred to here as
"cryoeolianites," frozen, wind-blown sediments) and associ-
ated features developed in these deposits. The process that
forms cryoeolianites is the result of a combination of climatic
factors acting on the unconsolidated rocks that form the island
and is initiated by the down cutting of a relatively deep, steep
side stream channel. The steep protected side of the stream
allows for the accumulation of large snow drifts during storms.
Subsequent runoff from the melting snows quickly undercuts
the drifts forming small snow caves and bridges. In most in-
stances, the underoltting and the melting quickly destroys the
drift, except along those streams which trend in a northwest-
southeast direction. These streams receive only a limited period
of direct sunlight during the day and as a consequence, melting
of the drift is greatly slowed.

Storms along the east side of the Antarctic Peninsula are
usually followed by several days of strong southeasterly winds.
These winds quickly remove the snow from exposed areas and
dry the underlying sediments. After the snow cover has been
removed, the unconsolidated sediments on the surface are
blown across the island by these winds. Because of the large
quantities of loose sediments, local dust storms frequently de-
velop during these post-storm winds. These wind-blown sedi-
ments tend to collect on the wet moist surface of the snow drifts
along the protected stream channels. During the 1981-1982
season, wet sediment layers several centimeters in thickness
were observed on the surface of a number of snow drifts and in
some instances, the sediment cover completely concealed the
snow drift.

The dark color of the sediments on the surface accelerates the
melting of the drifts. Because of the protected location of these
drifts along steep northwest-southeast stream channels, the
muddy melt water freezes at night into a dense mass of sedi-
ment-ladened ice. With each storm, these cryoeolianitic depos-
its gradually grow and form solid dam-like structures across
these streams. In some instances, these frozen sediment mass-
es will fill the entire channel for several hundred meters along
the course of the stream. One of the sediment dams on the
south side of Cross Valley completely conceals the existence of a
moderately large stream channnel that drains a large area (fig-
ures 1 and 2). Because the sediment in the cryoeolianitic depos-
its is the same as surrounding sedimentary rocks, the only
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Figure 1. (A) Aerial view facing east of a large cryoeolianite deposit
at mouth of small stream (white arrow) on the south side of Cross
Valley. (Note the presence of a cave at the base of deposit. Close-up
of cave is shown in figure 3). (B) Aerial view of same deposit facing
west. Note small cave at base of the deposit. The white "X" near the
right side of B marks the location where the photo used in figure 3
was taken.
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Figure 2. Aerial view of two cryoeolianite deposits developed in the sandy siltstones of the Upper Cretaceous 1 kilometer south of Cross Valley.
The arrow denoting deposit B shows the linear extent to which these types of deposits can develop.

indication of the existence of a large stream behind the deposits
is the presence of a cryoeolianite cave at the base of the dam
(figure 3).

Cryoeolianite caves at the base of the deposits play an impor-
tant role in maintaining cryoeolianitic structures. Runoff from
melting snow in the drainage basin behind the deposits, flows
through the caves and as a consequence does not significantly
erode the deposits. The cryoeolianite caves vary considerably in
size and shape with some attaining a height of 2 meters. The
frequent periods of runoff during the summer maintain these
caves. During exceptionally warm periods, these caves may
enlarge until portions of the roof collapse. Once the roof col-
lapses, the process of filling the collapsed region of the cave
begins immediately with the next storm. Although no long-
term studies have been done on cryoeolianite deposits, it is
believed that they are relatively permanent. The only controll-
ing factor that seems to govern the length of time these dams
exist is the steepness of the stream channel. Once the steep
slopes have been reduced by erosion, it is believed that the
cryoeolianitic deposit will cease to form. This appears to be
supported by the fact that cryoeolianitic deposits do not seem to
develop along northwest-southeast stream channels with gent-
ly sloping sides.

This research was supported by National Science Foundation
grant DPP 80-20096.

Figure 3. Close-up view of the cryoeolianhte deposit illustrated in
figure 1. White arrows denote the contact of the deposit with the
stream banks. "C" marks the location of the cryoeollanitic cave
which allows drainage of melt water runoff during the summer.
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Changes in the macrofossil faunas at
the end of the cretaceous on Seymour

Island, Antarctic Peninsula

WILLIAM J . ZINSMEISTER and CARLOS E. MACELLARI

Institute of Polar Studies
The Ohio State University

Columbus, Ohio 43210

The Upper Cretaceous/Lower Paleogene deposits on
Seymour Island and adjacent islands in the James Ross Island
region of the Antarctic Peninsula represent one of the most
complete and well-exposed sequences of that age rock in the
Southern Hemisphere. Macrofossils here are abundant and
exceptionally well preserved. Macropaleontological evidence
and studies (Huber, Harwood, and Webb Antarctic Journal, this
issue) support earlier beliefs (Zinsmeister 1982) that a continu-
ous record of deposition from the Late Cretaceous to the earliest
Tertiary is present on Seymour Island.

The sudden disappearance of ammonites and other micro-
fossils of Cretaceous affinities (cf. Huber et al., Antarctic Journal,
this issue) within a 20-meter interval without any observable
change in the pattern of sedimentation lead us to believe that
this may be the Cretaceous/Tertiary boundary (figure 1).

I Q V U

Figure 1. Distribution of bivalves and gastropods species in the
proximity of the inferred Cretaceous/Tertiary (K-T) boundary. ("m"
denotes meter.)
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Figure 2. Selected gastropods and bivalves present near the "Cretaceous/Tertiary boundary" in Seymour Island. (A) Newcomers: (1) Cucullaea
sp. nov. and (2) Gastropoda gen. et  sp. nov.; (B) Survivors (species that crossed the "boundary" unchanged): (3) LahilIa luisa; (4 and 5)
Perissoptera nordenskjoldi;(C) Species that became extinct: (6) Eselaevitrigonia regina;(7) Cassidaria miriabi!is;(8) Cryptorhytisphilippiana.
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Other macrofauna (bivalves and gastropods), however, be-
have differently across this potential boundary (figures 1 and 2).
The majority of bivalve and gastropod species found in the top
of the Lopez de Bertodano Formation disappear within approx-
imately 200 meters of the "boundary." A general progressive
impoverishment of the fauna is observed upwards. This data
does not support a sudden break in faunal composition at the
Cretaceous/Tertiary boundary but rather suggests a smooth
transition. Two of the most abundant species—the conspicuous
bivalve Lahilla luisa and the winged gastropod Perissoptera nor-
denskjoldi—survived virtually unchanged into what is tenta-
tively considered as the early Paleocene. Several new occur-
rences take place some meters above the "boundary," but these
may be facies controlled.

If this proves to be the true Cretaceous/Teritary boundary,
then two exceptional conditions make this section unique: (1) in
contrast to other localities where the Cretaceous/Tertiary
boundary has been recognized, here a very high sedimentation
rate provides an expanded section, and (2) the transition takes

place in a portion of the section where facies are continuous.
Glauconite datings underway above and below the "bound-

ary" as well as new detailed paleontological data to be gathered
in the next field season from this transition zone may provide
significant new insight into the changes occurring at the end of
the Mesozoic.

This work was supported by National Science Foundation
grant DPP 80-20096.

References

Huber, B., D. Harwood, and P. N. Webb. 1983. Upper Cretaceous
Microfossil Biostratigraphy of Seymour Island, Antarctic Peninsula.
Antarctic Journal of the U.S., 18(5).

Zinsmeister, W. J . 1982. Review of the Upper Cretaceous-Lower Tertiary
sequence on Seymour Island, Antarctica. Journal of the Geological So-
ciety London, 139, 779-785.

Sedimentology and
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Seymour Island
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Upper Cretaceous to Paleocene marine sediments crop out
extensively on Seymour Island, northeast tip of the Antarctic
Peninsula. These sediments have been divided into three dis-
tinct lithostratigraphic units [Lopez de Bertodano, Sobral, and
Cross Valley Formations (Elliot and Trautman 1982; Rinaldi et al.
1978)] and represent a single regressive sedimentary cycle. The
following sedimentological and paleontological summary of
the sequence is based on an ongoing study of the field data and
samples collected during the 1981-1982 field season (Macellari
and Huber 1982).

Sedimentology. The lithology is dominantly composed of
grayish sandy siltstones with abundant concretions and con-
cretionary horizons. The mud (silt plus clay) percentage of the

Lopez de Bertodano Formation has been observed to vary from
40 to 77, percent with a general decrease up section. Four
general trends from the base upward are observed in the se-
quence: (1) increase in grain size; (2) increase in glauconite
content which reverses after a maximum in the Sobral Forma-
tion; (3) increase in tricuspate glass shards and sand-sized
pumice fragments, indicative of contemporaneous volcanism;
and (4) increase in andesitic volcanic fragments. However, these
latter two trends could be a mere reflection of the increase in
grain size.

A striking feature in the lowermost portion of the Lopez de
Bertodano Formation on Seymour Island is the presence of
massive gray mudstone units that can be traced to Snow Hill
Island (figure 1) and decrease rapidly in thickness toward the
north. They have the appearance of deposits associated with
turbidity currents; however, no Bowma sequences have been
observed thus far.

The assemblages of both the micro- (Huber, Harwood, and
Webb Antarctic Journal, this issue) and macrofossils indicate that
this sequence was deposited in a restricted shelf environment
which became progressively shallower through time. Localized
channels were observed at the base of the Sobral Formation and
extensive planar to trough cross-bedding is present in the Cross
Valley Formation. Paleocurrent measurements have shown a
consistent paleo-flow direction from southwest to northeast.

Macrofauna. One of the main objectives of the 1981-1982 field
season was to make detailed paleontological collections in order
to refine the existing zonation of the sequence. Thus far, only
the annelid and ammonite fauna have been studied in detail
from this collection. General trends in diversity are shown in
figure 2. Surprisingly, the annelid genus Rotularia has proven to
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Figure 1. Simplified geologic map of Seymour and Snow Hill islands.

be very useful for local correlation, particularly in the portions
of the sequence where other faunas are almost absent (Macellari
in press). Four different assemblages have been recognized.
The lowermost "zone" can be used to correlate lowermost sedi-
ments of Seymour Island with those of Snow Hill Island.

Ammonites become common approximately 600 meters
above the base of the Lopez de Bertodano Formation. Three
informal ammonite zones are recognized (figure 3):

1. Zone of Pachydiscus cf. hornbyense Jones. Maorites
seytnourianus (Kilian and Reboul) and Kitchinites darwini (Stein-
man) are the most frequent species. P. cf. hornbyense Jones
which is not very abundant, is probably identical with spec-
imens from the Nanaimo Group of Vancouver Island that are
latest Campanian to earliest Maastrichtian in age as well as with
P. anibatryense from the Maastrichtian of Madagascar.

2. Zone of Pachydiscus sp. "aff. P.gollevillensis (d'Orbigny)". It
is defined by the first appearance of large Pachydiscus, which are
identical to that figured by Kilian and Rebôul (1909, P1. 20).
These specimens differ from the typical P. gollevillensis (d'Orbig-
ny) by its more inflated section and slightly different ornamen-
tation. Other frequent species found here are Maorites densi-
costatus (Kilian and Reboul), M. suturalis Marshall, M. ten -
uicostatus (Marshall) and a new species of Kitchinites (K.).

3. Zone of Pachydiscus sp nov. aff. P. suhcompressus Matsumoto.
It is mostly represented by numerous large specimens of a
compressed pachydiscid. This species is closely associated with
P. subcompressus Matsumoto and with the typical P. gollevillensis
(d'Orbigny) both of which are indicative of a Maastrichtian age.

These three species of Pachydiscus (two of which are reported
here for the first time) suggest that a large portion (probably the
uppermost 600 meters) of the Lopez de Bertodano Formation is
Maastrichtian in age.

This work is supported by National Science Foundation grant
DPP 80-20096.
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During the 1982 Ohio State University expedition to Seymour
Island, we sampled and measured detailed sections in the Up-
per Cretaceous Lopez de Bertodano Formation. Approximately
200 samples were collected from three sections, the thickest
being 1,460 meters (figure 1). The purpose of this study is to
document the microfossil assemblages from this locality and to
use these assemblages to develop a biostratigraphic zonation
and establish Southern Hemisphere correlations. Foraminifera
are the responsibility of B. T. Huber and calcareous nan-
noplankton and diatoms of D. M. Harwood.

The Cretaceous stratigraphy of Seymour Island (figure 1) has
been described by Andersson (1906), Bibby (1966), and Mac-

ellari and Huber (1982), and formations were named by Rinaldi
(1982). The Lopez de Bertodano Formation was considered (on
the basis of ammonite evidence) to be Campanian to possibly
Maastrichtian age by Spath (1953), whereas Howarth (1966) and
Olivero (1981) suggested a middle to late Campanian age. Al-
though the conformably overlying Sobral Formation lacks am-
monites, Rinaldi (1982) considered it to be uppermost Cre-
taceous to lower Tertiary.

Prior to the 1982 field season, documentation of marine mi-
crofossils from Upper Cretaceous strata of the James Ross Basin
was very limited; Holland (1910) described two agglutinated
foraminiferal taxa and Macfadyen (1966) described 17 other
poorly preserved taxa. The foraminifera were considered Seno-
nian based on their co-occurrence with ammonites of this age.

Calcareous nanno plankton. Well preserved calcareous nan-
noplankton assemblages are dominated by Braarudosphaera
bigellowi and include the following Late Cretaceous species:
Microrhabdulus decoratus, Cribrosphaerella ehrenbergii, Eiffellithus
turriseiffeli, Prediscosphaera cretacea, Kamptnerius magnificus, and
Arkhangelskiella cymbiformis. Three Maastrichtian species occur:
Braarudosphaera turbinae (late Maastrichtian), Nephrolithus fre-
quens (late Maastrichtian), and N. corystus Wind (latest Campa-
nian—middle Maastrichtian) (figure 2). A more thorough treat-
ment of the nannoplankton is in progress (Harwood in
preparation).

Nephrolithus frequens has a bipolar distribution and is most
abundant in higher latitudes, often comprising 20 percent of
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Figure 1. Geologic map of Seymour Island showing sections measured by Rinaldi et al. (1978) and Macellari and Huber (1982). Sample localities
referred to in the text are also shown.

72	 ANTARCTIC JOURNAL



floral assemblages south of 50°S latitude (Thierstein 1981). Lati-
tude controls the stratigraphic range of N. frequens, because its
first occurrence is older toward the poles. Therefore, the max-
imum stratigraphic range is assumed on Seymour Island. Al-
though commonly regarded as late Maastrichtian, the oldest
reported occurrence of this taxon is latest middle Maastrichtian
at Deep Sea Drilling Project site 249 (Wind 1979). Worsley most
likely included N. car ystus in his N. frequens 'et al" category,
because he reports N. frequens "et al" from the lower Maastrich-
tian in polar shelf sections (Worsley 1974, figure 10).

The assemblage of Late Cretaceous taxa from Seymour Island
belongs to the Nephrolithus frequens province of Worsley and
Martini (1970) and the Falkland Island nannofossil province of
Wind (1979). This study extends the known range of each of
these provinces southward by more than 13° latitude.

Foraminifera. Over 157 foraminiferal species have been re-
covered from the Lopez de Bertodano Formation on Seymour
Island. Low diversity agglutinated assemblages alternate with
assemblages of mixed calcareous benthic, planktonic, and ag-
glutinated forams. The absence of calcareous taxa in many
levels of the formation may be due to subaerial leaching. We
believe that the variations noted in foraminiferal faunas reflect a
wide variety of paleoenvironmental conditions.

Dominant taxa in the agglutinated assemblages include spe-
cies of Rhabdamm ma, Bath ysiphon, Hyperammina, Psamrnosphaera,
Ammodiscus, Reophax, Haploph ragmo ides, Cyclammina, Trocham-
mina, Cribrostornoides, Spiroplectamrnina, and Ammobaculites.
Large agglutinated taxa, some attaining diameters of 3 milli-
meters, occur in the lower third of the sections.

Fluctuations in abundance and diversity of praebuliminids
and members of the family Chilostomellinae can be correlated
across sections I, II, and III (figure 1). The buliminids present
include species of Praebulirnina, Pyramidina, Neobulimina, and
Bulim inc/la. Other notable calcareous benthics include
Eouvigerina hispida, Bolivina incrassata, B. decurrens, and Anoma-
linoides piripaua. Numerous species of the families Cau-
casiniidae, Nonionidae, Alabamindae, Osangulariidae, and
Anomalinidae are also represented. A single well preserved
specimen of Frondicularia rakauroana (Finlay) was found in sam-
ple 101. This taxon was reported previously only from the
upper part of the Haumurian stage (upper Maastrichtian) of
New Zealand (Webb 1971, 1972).

All three sections contain a variety of well preserved
globigerinids. Hedbergella holrndelensis and Globigermnelloides mu!-
tispinatus are quite common whereas Hedhergella rnonmouthensis,
Globotruncanella havanensis, Rugoglobigerina rugosa, R. rotundata,
R. macrace phala, Heterohelix globuloso, H. glabrans, and Gum-
be! itria cretacea occur in low abundance. The above taxa gener-
ally range from the late Campanian through Maastrichtian
(Pessagno 1967; Webb 1971; Sliter 1976).

The foraminiferal faunas resemble Maastrichtian as-
semblages from southern South America (Charrier and Lahsen
1968), New Zealand (Webb 1971), and particularly site 327 on
the Falkland Plateau (Sliter 1976).

Diatoms. Rare fragments of diatoms were encountered during
examination of calcareous nannofossil preparations. Since few
Upper Cretaceous diatom localities are known in the world, an
intensive study of diatoms is underway. Diatoms will be thor-
oughly examined in the future (Harwood in preparation).

Sample 70 (figure 1) from the upper part of the Lopez de
Bertodano Formation contains a rich assemblage of Paleogene
marine diatoms including: Goniothecium odontella, Pterotheca
pokrovskajae, P. danica, Eunotogramma weissi, Chasea bicornis, C.

Figure 2. Photographs of microfossils from the Lopez de Bertodano
Formation on Seymour Island. (a) Hedberge!la holmde!ensis from
sample 28; (b) Globotruncanella monmouthensis from sample 38;
(c-d) Braarudosphaera turbinae from sample 148; (e)
Glob igerinelloides multispinatus from sample 28b; (f-h)
Nephrolithus corystus from sample 28b; (i-k) Nephrolithus fre-
quens from sample 148.

oronata, Rh izosolen ia cretacea, Step1ianopixis spp. Acan tliodiscus
schmidtii, Hemiaui!us kondai, H. glescri, and others. Sample 76
(110 meters higher in the section) contains a slightly different
diatom assemblage including: Pterothcca crucifera, P. coriluta,
Pseudopyxillia aculeata, Pseudoru tila na mon ilL', Hcmiau/us schmid-
tmi, H. echinulatus, Trincaria arietnium, Arachnoidiscus chrenbcrgii,
Kent rodiscus armatus, Corbisema geometrica (silicoflagellate), and
others.

Many of these taxa are reported from the Cretaceous and
Paleogene. However, the absence of the characteristic Late Cre-
taceous genus Gladius and silicoflagellates Ltram u/a furcula and
Valacerta hortonii and V. tumidula (all of which are present lower
in the section) is significant.

Discussion. The calcareous nannoplankton provide the great-
est degree of age resolution. In this preliminary report, we
separate the Lopez de Bertodano Formation into four broad
subdivisions as stated below. Examination of these subdivisions
is continuing and this will further refine the positions of bio-
stratigraphic boundaries.
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The presence of Nephrolithus corystus and the absence of N.
frequens in sample 28b (figure 1) suggests an upper Campa-
nian-lower middle Maastrichtian age (Wind 1979, 1983) for
this sample and the section below it. Sample 38 contains both N.
corystus and N. frequens suggesting an uppermost middle
Maastrichtian age as noted in Deep Sea Drilling Project site 249
by Wind (1979). Sample 148 is upper Maastrichtian as indicated
by the occurrence of N. frequens and Braarudosphaera turbinae.

The above information enables placement of the Campanian/
Maastrichtian boundary below sample 38 and the middle/upper
Maastrichtian boundary between samples 38 and 148. The last
occurrence of ammonites (Zinsmeister and Macellari Antarctic
Journal, this issue) and foraminifera 20 meters below sample 70
and the absence of characteristic Late Cretaceous diatoms and
silicoflagellates in sample 70 and above suggests that the Cre-
taceous/Tertiary boundary may occur in the uppermost part of
the Lopez de Bertodano Formation on Seymour Island.

The Lopez de Bertodano Formation has the potential to be
one of the more continuous Cretaceous/Tertiary sequences. An
extremely rapid sedimentation rate (equal to approximately 200
meters per million years) and the detrital nature of this se-
quence is exceptional as most other boundary sequences are
carbonate-rich and contain an hiatus.

This study was supported by National Science Foundation
grants DPP 80-20096 to D. H. Elliot and W. J . Zinsmeister (field-
work) and DPP 80-18749 AOl to P. N. Webb (laboratory work).
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Geology of the Ultima Esperanza fold-
thrust belt, southernmost Andes

T. J. WILSON and I. W. D. DALZIEL

Lamont-Doherty Geological Observatory of
Columbia University

Palisades, New York 10964

During the austral summers of 1979-1982, stratigraphic map-
ping was undertaken within the foothills of the southern Pa-
tagonian Andes at 51°S latitude, in the Ultima Esperanza district
of southern Chile (figure). The foothills belt is part of the fore-
land fold-thrust belt of the southernmost Andes and includes
stratigraphic units to Late Jurassic to Neogene age (figure). The
study focused on the sedimentology, stratigraphy, and paleoen-
vironmental setting of the oldest part of the stratigraphic se-
quence (including units to Late Jurassic to Late Cretaceous age)

7

and on the structural development of the Ultima Esperanza
fold-thrust belt.

The oldest unit in the area is the Middle to Upper Jurassic
Tobifera Formation, which forms part of an extremely wide-
spread silicic volcanic unit in southern South American (Bruhn,
Stern, and de Wit 1978; Feruglio 1949). In Ultima Esperanza, the
Tobifera Formation consists predominantly of silicic vol-
caniclastic rocks intercalated with euxinic marine argillites.
Hypabyssal rhyolite intrusions and peperites are abundant and
minor pillow basalt is also present. The sedimentology indi-
cates a relatively deep marine environment of deposition
(Wilson 1983). The marine volcanism and sedimentation record-
ed in the Tobifera Formation of the Ultirna Esperanza district
reflect the earliest stages in the formation of the Late Jurassic-
Early Cretaceous back-arc basin that developed along the Pacific
margin of southernmost South American (Allen 1982; Bruhn et
al. 1978; Daiziel, de Wit, and Palmer 1974; and Katz 1973).

The Lower Cretaceous Zapata Formation rests conformably
on the Tobifera Formation and consists of a generally euxinic
finegrained muds tone-siltstone sequence containing fine-
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grained turbidites, coarse-grained channelized turbidites and
chaotic slump deposits. The nature of the sediments, trace
fossils, and the presence of slumps suggest deposition within a
bathyal submarine slope environment, and the Zapata Forma-
tion is interpreted to be part of a thin clastic sedimentary wedge
that developed on the subsiding cratonward margin of the back-
arc basin (Wilson 1983).

The Albian-Cenomanjan Punta Barrosa Formation con-
formably overlies the Zapata Formation and consists of alternat-
ing coarse-grained sandstone and shale intervals that are inter-
preted as lobe, lobe fringe, and interlobe facies deposited in the
mid-fan region of a deep-sea fan system that prograded south-
ward within the northern part of the Magallanes basin (Wilson
1983). The Magallanes basin is a deep-water foreland basin
(Natland et al. 1974) that developed on the site of the Early
Cretaceous back-arc basin slope concommitantly with mid-Cre-
taceous deformation and uplift within the Andean Cordillera to
the west. The coarse clastics of the Punta Barrosa Formation are
the first deposits within this foreland basin. The succeeding
stratigraphic sequence consists of deep to shallow marine clastic
sedimentary rocks that were deposited in the foreland basin in
Cretaceous and Tertiary time (Cortés 1964; Dott, Winn, and
Smith 1982; Katz 1963).

The structural geometry of the Ultima Esperanza fold-thrust
belt is characterized by megascopic and mesoscopic folds asso-
ciated with bedding-plane detachment faults (Wilson 1983). A
structure section across 50 kilometers of the fold belt indicates
that the folding may be related to displacement along blind
thrusts in the subsurface. One regional cleavage is developed in
Upper Jurassic to Neogene units, and is parallel to the Andean
cleavage in the Main Cordillera to the west of the study area
(Allen 1982). Structural and radiometric evidence, together
with the sedimentary history of the foreland basin, suggest that
the Andean deformation may have been a progressive event
beginning with back-arc basin closure in the mid-Cretaceous
and continuing into the Pliocene.

An east-dipping thrust zone along the boundary between the
Main Cordillera and the fold-thrust belt is interpreted as the
east limb of an antiformal duplex stack (Wilson 1983). The de-
velopment of such a stack along this boundary may have
provided the tectonic thickening and crustal loading to produce
subsidence within the foreland basin to the east of the fold-
thrust belt.

There is rapidly accumulating evidence of large-scale trans-
port on low-angle thrust faults in many mountain belts. It there-
fore seems likely that the highly deformed and metamorphosed
pre-Tobifera basement window of Cordillera Darwin in Tierra

del Fuego (Nelson et al. 1980) may also represent a duplex as has
recently been suggested for the Shushwap complex in the Ca-
nadian Cordillera (Mattauer, Collot, and Van den Driessche
1983).

This research was supported by National Science Foundation
grants DPP 78-20629 and INT 79-20213. We would like to thank
the Instituto de la Patagonia, the Parque Nacional Torres del
Paine, and the Empresa Nacional del Petroleo, Chile, for logis-
tical support during this project.
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Expedition to Valdes:
Miocene stratigraphy and Recent

siDed basins
THOMAS J. DEVRIES, JOHN M. ZAWISKIE,

and WILLIAM J. ZINSMEISTER

Institute of Polar Studies
The Ohio State University

Columbus, Ohio 43270

A two-phase program of stratigraphic and oceanographic
study around Peninsula Valdes (Patagonia, Argentina) was car-
ried out between 4 and 24 September 1981. Use of the Rlv Hero
(cruise 81-4) allowed ready access to isolated coastal outcrops
and to submarine deposits from Golfos San Matias, San José,
and Nuevo (see figure, inset).

Miocene stratigraphy. Our stratigraphic study of the middle to
late Miocene Entrerio and Rionegro Formations expands upon
that of Zinsmeister and others (1981). They concluded that the
two formations were conformable and laterally equivalent, re-
cording the progradation of mudflat, beach, and supratidal
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poorly sorted massive sandstones of unit 4 abruptly truncate
unit 3. The coquinas consist of large disarticulated Pecten, Os-
trea, broken echinoids, and whale bones.

The fine-grained sandstone and mudstone of unit 5 entomb
fragile articulated valves of Propeamussium and occasional my-
tilids. Unit 6 is characterized by low-angle plan bedding with
rare 0. nodosa, truncated above by a channel-form body of
medium-grained sandstone with mudstone flasers and scat-
tered Ostrea valves. Arenicolites and S. linearis are developed just
below the erosive contact. Ophiomorpha shafts in the channel-
form body are truncated above by coarse sandstone and
coquina.

Unit 7 is composed of afossiliferous, thin-bedded, laminated
and contorted mudstone, siltstone, and evaporites. A tuff in the
upper part is probably correlative with one dated by
Zinsmeister and others (1981) on the south shore of Golfo
Nuevo.

The Tertiary sequence is unconformably overlain by Quater-
nary terrace deposits and by Patagonian gravels.

To summarize our interpretation: Offshore muds with Nucula
(unit 1) were gradually replaced by a tidally influenced sandy
environment of channeled shoals inhabited by echinoids and
oysters (unit 2). These subtidal environments were succeeded
by sandy tidal flats populated by numerous crustaceans and
polychaetes (unit 3). Unit 4 may include washover deposits. A
shallow lagoon or bay (unit 5) and its inshore beach (unit 6)
prograded across the shoals. The progradation was complete
with the appearance of supratidal flats and saltpans (unit 7).

Oceanography. The oceanographic program included
bathymetric surveys and bottom sampling of the gulfs sur-
rounding Peninsula Valdes. Each gulf is bound seaward by a
shallow bedrock sill rising some 80-120 meters above a bowl-

shaped floor. At those times when the Pleistocene sea level
stood much lower, these basins must have been brackish lakes
or evaporitic depressions, not unlike much smaller emergent
depressions nearby. Previously published hydrographic maps
(often in error, we discovered), indicated former beaches within
these drowned depressions. It was hoped that evaporites or
intertidal deposits could be recovered by coring, but our efforts
were stymied by a 2-meter (or more) blanket of windblown
Recent silt and sand covering most of every basin.

Apart from suggesting an unusual Pleistocene history, the
Valdes gulfs pose a dilemma: how to explain small, often nearly
landlocked, coastal depressions whose centers are significantly
deeper than the continental shelf in which they are impressed.
We saw no structural evidence of a tectonic origin for the gulfs.
Certain coastal and submarine features may coincide with west-
northwest east-southeast regional structural trends, but as yet,
these coincidences have not explained the gulfs' origin.

The field scientists (T. I)eVries, T. Eggert, B. Huber, and J.
Zawiskie) are grateful to Capt. Peter Lennie and the crew of the
iIv Hero for their unstinting support of our efforts. We thank R.
Scasso (cIRGEo) and C. Gopcevich (Argentine Naval Hydro-
graphic Office) for their help and advice. This research was
supported by National Science Foundation grant DPP 79-20215.
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Antarctica, Africa, Australia—Mesozoic
Conchostracan dispersal

PAUL TASCH

Department of Geology
Wichita State University
Wichita, Kansas 67208

This is a progress report on my monograph on Gondwana
Estheriids. (All species described in the monograph are based
on measurements of nine parameters and eight ratios, in addi-
tion to angle determination where indicated and valve mor-
phological characters.)

Antarctic-Africa. I previously reported on the occurrence in
the Blizzard Heights Jurassic interbed, of Cyzicus (Lioestheria
malangensis (Marliére) known from Zaire, Africa. Other Ant-
arctic-Africa conchostracan ties are noted here.

Glyptoasmussia cf. lueckensis Defretin Le Franc found in my
Storm Peak Collection (Upper Flow, beds 2 and 7; Jurassic) was

originally described from the Congo Basin, Haute Luecki series,
Upper Triassic or Jurassic (pre-Oxfordian). Another species
from the same Basin (Glyptoasmussia corneti Defretin Le Franc)
and a new species recovered from Blizzard Heights (Tasch sta-
tion 1, beds 2, 3, and 7) overlapped in several ratios.
Pseudoasmussiata sp. I from Storm Peak (Upper Flow, bed 4) also
was found to have near equivalents in the Congo Basin
Mesozoic.

Antarctic-Australia. An important Antarctic-Australia Meso-
zoic tie is Paleolimnadia (Grandilimnadia) cf. glenleensis (Mitchell).
Originally known from the Australian Permian and Middle-to-
Upper Triassic, it is now described from Storm Peak, the Upper
Flow interbed (beds 2, 7, and 8). This is of special interest since
no australian Jurassic conchostracans are known.

Between Antarctica-Australia and Antarctica-Africa, as indi-
cated by the specific bioprograms cited, nonmarine dispersal
appears to have been in effect during late Triassic-Jurassic time.

Antarctica (Agate Peak). In the David Elliot collection from
Agate Peak several conchostracan fossils of a new cyziciid spe-
cies were recovered. This fossiliferous interbed was in contact
with pillow lavas. Agate Peak is the first conchostracan- site in
northern Victoria Land. The effective temperature of the
Kirkpatrick Basalt that was transmitted to these fossils, when
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the Basalt was a molten flow, was 450°-600°C, based on the
experimentally determined chart of conchostracan valve color
changes due to igneous heat (Tasch 1982, page 662). This
bracketed temperature range would also embrace the effective
temperature found at Carapace Nunatak in southern Victoria
Land, which is closer to the upper part of this range (Tasch 1982,
page 667).

Antarctica (MaugerNunatak). The complete absence of all floral
remains, both macro and microscopic, merits comment. The
conchostracan-bearing beds at this site are presumably contem-
poraneous with those of Storm Peak and Blizzard Heights.
Nevertheless, the cited observation establishes that the wooded

area at the two last named sites did not extend to the Mauger
Nunatak area during the time represented by fossiliferous beds.

This research was supported by National Science Foundation
grant DPP 77-02490 and supplements.
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Meteorite studies

The antarctic search for meteorites,
1982-1983

W. A. CASSIDY

Department of Geology and Planetary Science
University of Pittsburgh

Pittsburgh, Pennsylvania 15260

The 1982-1983 field season was conducted by three field
parties operating autonomously: (1) John and Kristine Annex-
stad carried out a westward extension of a triangulation net that
had been established in earlier seasons to study ice migration at
Allan Hills. The net now extends approximately from 76°41'S
159°30'E to 76°40'S 158°30'E. (2) William Cassidy, Vagn Buch-
wald, Tony Meunier, and Carl Thompson carried out meteorite
recoveries at the Allan Hills Far Western Icefield (76°54'S
157°01'E) and Elephant Moraine (76°11'S 157°10'E). That mete-
orites occur at the Far Western Icefield had not been known
previously. New meteorite occurrences were also discovered on
exposed ice patches northwest of Elephant Moraine. (3) John
Schutt, Louis Rancitelli, Urs KrähenbUhl, and Richard Crane
conducted a reconnaissance visit to the Thiel Mountains
(85°15'S 91°00'W) and Pecora Escarpment (85°38'S 68°42'W) At
each site they found concentrations of meteorites on exposed
ice. The principal accomplishment of the work this season was
the discovery of major new areas of meteorite accumulation. It
can be inferred that even more will be located in the future. A
total of 113 meteorites were recovered this field season: 3 car-
bonaceous chondrites, 7 achondrites, and 103 chondrites.

Details of the activities of the separate parties (except Annex-
stad's glaciological study) will be found in reports by those field
parties (Cassidy et al., Antarctic Journal, this issue; Schutt et al.,
Antarctic Journal, this issue).

As an update on earlier field work on this project, it is inter-
esting to note that one meteorite from the 1981-1982 collection
has now been identified, with very high probability, as a lunar
sample (Reuning 1983). This fragment presumably was re-
moved from a site in the lunar highlands by a crater-forming
meteorite impact. Distribution of the highlands formation and
"geochemical" characteristics of the fragment suggest that the
most probable source area for this sample is the lunar farside.
This could be, therefore, our first sample from that hemisphere
of the moon.

A debate exists currently over a possible origin from the
Martian surface of several rare types of achondritic meteorites:
the shergottites, nakhlites, and chassignites. Two shergottites
have been identified in the antarctic collections. A section
through one of these shows a fabric change that could be inter-
preted either as banding due to crystal settling in a magma
chamber, as two adjacent hypabyssal magma injections, or as
the contact between two successive lava flows (McSween and
Jarosewich 1983). Achondrites are igneous rocks, but this ant-
arctic specimen is the only known example to show an igneous
contact. Its crystallization age is less than or equal to 1.3 billion
years; this requires that the parent body of this meteorite had
igneous activity as recently as 1.3 billion years ago, i.e., about 3
billion years after the time when meteorite parent bodies have
generally been assumed to have been destroyed. Consideration
of possible solar-system sources for such a rock suggests Mars,
by default. Studies of nitrogen isotope ratios in impact glass
inclusions in this antarctic shergottite indicate that the ratios are
similar to the nitrogen-isotope ratios known to exist in the
Martian atmosphere. More and more, therefore, the antarctic
ice cap is coming to be thought of as a collector of nonterrestrial
debris from a variety of sources: this leads to the conclusion that
even the smallest recovered meteorite may have significance
out of all proportion to its size and adds justification to our
emphasis on very careful collecting methods and complete
recovery of all possible specimens.

We enjoyed excellent logistical support in both helicopter and
LC-130 operations again this field season. The project is funded
by National Science Foundation grant DPP 78-21104.
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Search for meteorites in the Allan
Hills/Elephant Moraine area,

1982-1983
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University of Pittsburgh
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Danmarks Tekniske Hojkole
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CARL THOMPSON
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Our field traverses are shown on the figure, which covers
parts of the Convoy Range and Mount Joyce U.S. Geological
Survey 1:250,000 topographic quadrangles. This field season
saw the first discovery of meteorites at the Allan Hills far west-
ern icefield (76°54'S 157°01'E) and at the indicated sites north-
west of Elephant Moraine (76°11'S 157°10'E).

At the far western icefield a meteorite (field number 2995) was
discovered almost completely embedded in ice. It did not have a
zone of clear ice surrounding it, as it would have had if melting
and refreezing had occurred; therefore, it seemed to be a fresh
specimen being exposed for the first time at the ablation surface.
If this interpretation were correct, the specimen would be a very
important one, because its terrestrial age would be the same as
that of the enclosing ice. Because the terrestrial age of a mete-
orite can be determined by measurement of a number of dif-
ferent nuclides (aluminum-26, beryllium-b, chlorine-36, kryp-
ton-81, manganese-58, carbon-14), we would also for the first
time be able to determine independently the age of the enclos-
ing ice; this would provide a check on age determination meth-
ods currently being developed for ancient ice. Because of the
potential value of this specimen, we removed it still embedded
in a block of ice. Th ice fabric adjacent to the meteorite has now
been examined by Anthony Gow (personal communication),
who concurs with our field interpretation that the enclosing ice
is original and contemporaneous with the arrival of the mete-
orite at the Earth. The findsite of the meteorite is known, and
additional ice samples can be obtained in the future, if desired.

We were very fortunate this season because we had the use of
two Magnavox model MX1502 geoceivers on loan from the U.S.
Bureau of Land Management. With these instruments, we were
able to determine precisely the locations of six points to be used
as base stations in mapping meteorite finds. These are the
points (0100-0105) registered on the map (figure). Geographic
coordinates and elevations, listed in table 1, are given with
reference to the Department of Defense World Geodetic System
1972 ellipsoid (Seppelin 1974).

The geoceiver would seem to be an ideal instrument for
locating remote points in Antarctica, if LC-130, helicopter, or
Nansen sledge transport is available to the site: the equipment
can be carried only short distances by foot. By averaging repeat-
ed readings that have an expected I sigma standard deviation of
30 meters, the instrument can give locations to within 10 meters
after a few hours of operation; and to within 3 meters after about
24 hours. An option we did not have in the field was short-arc
translocation, a technique that can be used when two geo-
ceivers are operating within 100 kilometers of each other. They
can then detect slight differences in the Doppler shifts received
by each receiver from the same Navy navigational satellite and
use these for relative positioning. This will allow an accuracy of
1.0 meter between stations in a field measurement. With or
without a translocation option, however, the field data, which
are stored on magnetic tape, can be refined later by computer
analysis. The greatest possible absolute accuracy, using post-
processed translocation data, is said to be 0.35 meters. In table 2,
we compare the field data for one station with the processed
data as an example of the improvement that becomes possible
with post-processing.

Table 1. Best determinations of six geoceiver stations used in map-
ping meteorite finds (post-processed data)

Estimated
Station	 Elevation	error (in
number	Latitude	Longitude	(in meters) meters)

0100	76054'09.520" S 157'01'26.511" E 2117.54	1.5
0101	76°57'46.861" S 156 054'40.164" E 2145.01	2
0102	76059'27.417" S 156053'46.806" E 2190.95	2
0103°	77002'50.954" S 15711'00.270" E 2163.50	5-10
0104a	77002'24.614" S 1570 15'33.896" E 2142.87	5-10
0105b	760 17'34.910" S 15720'04.944" E 2022.33	10

aReference oscillator frequency offset was abnormally high but stable;
data are good but a larger error is assigned.
bBroadcast solution (i.e., field data) not post-processed. Latitude and
longitude are referenced to the Naval Weapons Laboratory 10D system
(Jenkins and Leroy 1979).

Table 2. Location of field camp 1 (station 0100), search for mete-
orites 1982-1983: Comparison between field data and post-pro-

cessed data.

Elevation Estimated
(in	error (in

Latitude	Longitude	meters)	meters)

Field
determi-
nation	76054'09."373 S 157 001'26."562 E 2120.45	8

Post-
pro-
cessing
determi-
nation	76054'09."520 S 157 001'26."511 E 2117.54	1.5
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New areas within which we recovered meteorites are indicated by dashed lines. Sites whose locations we determined by geoceiver measure-
ments are indicated by numbered points. Coordinates of these points are listed in table 1. Circles indicate campsites occupied this season.
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Exploration for meteorite
concentrations in the Thiel Mountains!
Pecora Escarpment region, 1982-1983

JOHN SCHUTT

Department of Geology and Planetary Sciences
University of Pittsburgh

Pittsburgh, Pennsylvania 15260

Louis A. RANCITELLI

Battelle Columbus Laboratories
Columbus, Ohio 43201

UR5 KRAHENBLJHL

University of Bern
Bern, Switzerland

RICHARD CRANE

U.S. Naval Hospital
Portsmouth, Virginia 23708

The antarctic search for meteorites under the overall direction
of W. A. Cassidy was conducted by three field parties during
the 1982-1983 field season. Two parties operated in the Allan
Hills area of Victoria Land and a third party explored the regions
around Thiel Mountains and Pecora Escarpment in West Ant-
arctica. This report will detail the results of the Thiel Mountains/

86°

Pecora Escarpment expedition; the Allan Hills expedition will
be described in another report in this issue.

The motivation for a reconnaissance mission to search for
meteorites around Thiel Mountains and Pecora Escarpment
was based on several considerations. A pallasite meteorite was
recovered in the vicinity of Thiel Mountains in 1961 (Ford and
Tabor 1971). It was hoped that additional fragments of the Thiel
Mountains pallasite could be recovered and that this meteorite
might represent a member of a large meteorite concentration. A
preliminary study using aerial reconnaissance, air photos, and
maps of the Pecora Escarpment area indicated that it had charac-
teristics favorable for meteorite concentration sites. Because the
most extensive icefields are close to Pecora Escarpment, visiting
the regions around Pecora Escarpment was also a primary ob-
jective of the expedition. A secondary objective of the expedi -
tion was to visit the icefields around Davies Escarpment and
Moulton Escarpment in the vicinity of the Thiel Mountains;
each of the sites was visited during a motor toboggan traverse of
roughly 1,250 kilometers made from 15 December 1982 to 20
January 1983 (see figure 1).

A reconnaissance flight was conducted with a ski-equipped
Hercules (LC-130) airplane on 13 December 1982 to locate a
landing site and to off-load three pallets containing equipment
and nine 55-gallon drums of mogas. The landing was made
successfully at 85°07'S, 88°02'W, approximately 23 kilometers
east of the Thiel Mountains, On 15 December 1982, a second
mission was flown to the same area to perform air drops of fuel
near Lewis Nunatak and Moulton Escarpment and to put our
party into the field. The icefields east of Mount Wrather and
Mount Walcott in the southern Thiel Mountains, where the
Thiel Mountains meteorite was recovered, were then briefly
visited. The search of the blue-ice areas in this region did not
result in the discovery of any meteorite fragments. Following
the meteorite search around the southern Thiel Mountains, a
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Figure 1. Route of the reconnaissance traverse in the Thiel Mountains/Pecora Escarpment region, 1982-1983.
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motor toboggan traverse to the Pecora Escarpment was made
and a camp established. The Pecora Escarpment, approximately
23 kilometers long from northeast to southwest, forms a partial
barrier to ice flow with bedrock areas forming local absolute
barriers. A 30-kilometer long ice escarpment runs parallel to the
Pecora Escarpment 5-10 kilometers to the east. Other less ex-
tensive ice escarpments or steplike features with associated
blue-ice areas occur within 50 kilometers of Pecora Escarpment.

Meteorites were discovered on the blue ice surrounding
Pecora Escarpment almost immediately, even though much of
the blue ice was still snow covered from a recent snowfall.
Initially, meteorites were generally found to be widely dis-
tributed over the icefield upstream from the nunataks. On the
last day of searching, after the winds had re-exposed much of
the blue-ice areas, the area around the southwesternmost out-
crops was found to be relatively abundant in meteorites on both
the upstream and the apparent downstream sides of the out-
cropping barrier (see figure 2). A total of 32 meteorite specimens
was recovered from the Pecora Escarpment icefields. At least 50
other meteorites were found, mostly in the southwestern area

of the icefield. These were left for recovery by future parties
conducting systematic searches, because time did not allow for
a detailed mapping of their locations. Other icefields which
were not in the immediate vicinity of Pecora Escarpment remain
unexplored and may be expected to provide additional mete-
orite samples. In addition to the reconnaissance meteorite col-
lection, one ice sample was collected from the Pecora Escarp-
ment area for age dating and ice chemistry studies. It is hoped
that data from this newly discovered meteorite concentration
area, when compared with data from Allan Hills and Queen
Fabiola Mountains (Yamato Mountains), will contribute to our
understanding of meteorite concentration processes in
Antarctica.

Once the extent of the meteorite concentration around Pecora
Escarpment was established, a traverse was made back to the
region of the Thiel Mountains to search the icefields along
Davies, Moulton, and Bermel Escarpments. The Davies Escarp-
ment, which extends approximately 55 kilometers southwest
from the Thiel Mountains, does not appear to be an absolute
barrier to ice flow. Ice cliffs and heavily crevassed areas are
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Figure 2. Sketch map of the Pecora Escarpment area (compiled from aerial photographs and U.S. Geological Survey 1964) showing general
distribution of the blue-Ice areas and the approximate locations of meteorites found during reconnaissance searches, 1982-1983.
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present along much of the escarpment, with only a few small,
isolated bedrock exposures. The blue icefields are located only
along the base of the escarpment and are relatively limited in
extend (see figure 3). The meteorite search of the Davies Escarp-
ment icefields was hindered by a recent snowcover which aerial
reconnaissance photos indicate is unusual. However, the blue-
ice areas were sufficiently exposed so that the extent of mete-
orite concentrations could be determined. The relatively small
icefields near Lewis Nunatak were searched without success;
only one meteorite was found below the ice cliffs approximately
8 kilometers south-southwest of Lewis Nunatak. An extensive
search of the largest icefield along the Davies Escarpment
provided six meteorite specimens from at least three meteorite
falls; however, these were concentrated in a relatively small
northern portion of the icefield. The search of this icefield
indicates that large concentrations of meteorites do not exist on
it.

Following the search along the Davies Escarpment, the ice-
fields around the Moulton Escarpment were visited. In this
region, low bedrock hills rise above the ice to form an absolute
barrier to ice flow for approximately 7 kilometers of the 20-
kilometer east-west trending escarpment. Extensive bare-ice
areas exist, both upstream and downstream of the bedrock.
Smaller ice patches are present at both the western and eastern
bases of the escarpment. At least seven separate ice-cored mo-

Figure 3. Sketch map of the Davies Escarpment area (compiled from
aerial photographs and U.S. Geological Survey 1959) showing the
general distribution of blue-ice areas and the approximate locations
of meteorites found during reconnaissance searches, 1982-1983.

raines are curiously "stacked" below the escarpment north of
Chastain Peak (see figure 4). The initial search of the upstream
icefield did not provide any meteorites even though, based on
its relationship to the Moulton Escarpment, this area was ini-
tially thought to be the most likely concentration area. One
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Figure 4. Sketch map of the Moulton Escarpment area (compiled from aerial photographs) showing the general distribution of blue-Ice areas
and the approximate locations of meteorites found during reconnaissance searches, 1982-1983, with diagrammatic cross section.
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meteorite was found below a small ice cliff 4 kilometers east of
the bedrock. The blue-ice area downstream of the escarpment,
the area initially thought to be least likely to contain meteorites,
was then searched. One small meteorite fragment was found
near the downwind margin of the icefield, near the northern tip
of the easternmost ice-cored moraine. The area in and around
this moraine was searched with no success until the south end
was reached. Here, in an area between the ice-cored moraine
and Chastain Peak, nine meteorites representing several falls
were collected within 200 meters of each other. At least six
additional specimens found nearby were left for future parties
conducting detailed searches.

A total of 50 meteorite specimens was recovered from the
Pecora, the Davies, and the Moulton Escarpments. All locations
of recovered meteorites were mapped, and the exact locations
will be provided in a future report. Forty-four of the meteorites
are tentatively identified as ordinary chondrites and six as
achondrites (table). The meteorites discovered at the Pecora

Tentative listing and classification of meteorite specimens re-
covered from the Thiel Mountains/Pecora Escarpment region,

1982-1983

Classification

Location	Ordinary	Carbonaceous Achondrite	Total
chondrite	chondrite

Pecora
Escarpment	28	 0	 4	32

Davies
Escarpment	6	 0	 1	7

Moulton
Escarpment	10	 0	 1	11

Total	 44	 0	 6	50

Escarpment and the Moulton Escarpment probably represent
significant meteorite concentrations, because only a small frac-
tion of the total ice area in these regions was searched. A few
more specimens are probably present on the Davies Escarp-
ment icefields; however, based upon reconnaissance searches,
the concentrations along the Davies Escarpment are thought to
be minor compared with the concentrations at the Pecora and

Moulton Escarpments. Because of delays caused by poor
weather, a reconnaissance of the Bermel Escarpment icefields
was not conducted.

The concentrations at the Moulton Escarpment and in part at
the Pecora Escarpment are unusual in that meteorites were
abundant in areas which appeared to be directly downstream of
outcropping bedrock which produces a barrier to ice flow.
These discoveries are contrary to previous experience and con-
ventional wisdom. If these preliminary observations are con-
firmed, then the prospects for discovery of new meteorite con-
centrations in other areas of the antarctic continent have signifi-
cantly improved. In addition, new and complex questions
regarding meteorite concentration processes and the charac-
teristics of collection areas have been raised.

A Magnavox MX-1502 Geoceiver/Satellite Surveyor, on loan
from the U.S. Bureau of Land Management, was used to deter-
mine the latitude, longitude, and altitude of several meteorite
locations. In addition, Doppler base stations were established
on Lulow Rock at the Pecora Escarpment and Chastain Peak at
the Moulton Escarpment to determine their locations precisely.
These data will be provided to the U.S. Geological Survey to
improve the WGS-72 survey net.

Temperatures encountered during our field season ranged
from a recorded low of - 24° to a high of - 10°C. Numerous
weather systems moved through the region moderating the
katabatic winds; only two periods (of 2 and 5 days) occurred
during which the wind speeds were consistently above 20
knots. On two occasions storms precipitated 2 to 5 centimeters
of snow.

This work was supported by National Science Foundation
grant DPP 78-21104.
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Characterization of antarctic
meteorites

BRIAN MASON and Roy S. CLARKE, JR.
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We have continued to characterize antarctic meteorites col-
lected in Victoria Land by W. A. Cassidy (principal investigator)
and his colleagues during the 1980-1981 and 1981-1982 field
seasons. This work has required the preparation of several
hundred polished thin sections of the meteorites, their exam-
ination with petrographic and metallographic microscopes, and
analysis of the minerals with an electronheam microprobe.
Individual meteorites are classified by mineral compositions
and textural relationships.

Meteorites are classified into four groups: (1) chondrites-
stony meteorites containing chondrules, which are rounded
aggregates of silicate minerals, usually 0.2-2 millimeters in di-
ameter; (2) achondrites—stony meteorites without chondrules;
(3) stony-irons—meteorites consisting of subequal amounts of
silicate minerals and nickel-iron; and (4) irons—meteorites con-
sisting essentially of a nickel-iron alloy, the nickel content usu-
ally in the 5- to 20-percent range. Chondrites, which make up

by far the most common meteorite group, are subdivided into
classes according to increasing iron content of the pyroxene:
enstatite (E) chondrites; olivine-bronzite (H) chondrites; olivine-
hypersthene (L and LL) chondrites; and carbonaceous (C)
chondrites, a separate small group characterized by a matrix
containing carbonaceous material. Textural relationships are
indicated by a digit following the class letter.

The 1980-1981 collection has been completely characterized
(Mason and Clarke 1982). From the Allan Hills 32 meteorite
specimens were collected, 67 from the Reckling Peak area, and 1
near Outpost Nunataks. These specimens have been classified
as follows: irons, 2; mesosiderites, 4; eucrites, 3; ureilite, 1; and
chondrites, 90. The chondrites belong to the following classes
and types: 0, 1; H3, 2; H4, 7; H5, 25; H6, 18; L3, 3; L4, 2; L5, 3; L6,
22; LL5, 2; LL6, 4; and E5, 1.

One hundred and forty-five meteorites from the 1981-1982
collection have been characterized, with the following results:
irons, 2; mesosiderites, 2; eucrites, 8; ureilte, 1; anorthositic
breccia (probably lunar), 1; and chondrites, 131. The chondrites
belong to the following classes and types: C2, 2; C3, 1; H4, 26; H5,
48; H6, 20; L3, 9; L4, 2; L5, 4; L6, 9; LL3, 7; LL5, 1; LL6, 1; and E6, 1.
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Meteorite studies: Terrestrial and
extraterrestrial applications

MICHAEL E. LIPSCHUTZ

Department of Chemistry
Purdue University

West Lafayette, Indiana 47907

The accidental discovery of numerous meteorites on blue-ice
in Queen Maud Land by Japanese glaciologists beginning in
1969 prompted the extremely successful search for meteorites
in Victoria Land and elsewhere (Reuning 1981). The meteorite
search has returned about 1,300 specimens from the 1976-1977
through 1982-1983 field seasons. These specimens are being
characterized then released to be studied by well over 100 re-
search groups in 14 countries. Characterization includes es-
timation of terrestrial alteration: relatively unweathered and
unfractured samples are classed as "A-A" while heavily
weathered and fractured ones are classed as "C-C". In our labora-
tory, we use radiochemical neutron activation analysis and
atomic absorption spectrometry to determine 11-16 side-
rophile, chalcophile, lithophile, and volatile/mobile trace ele-
ments (measured in parts per million or parts per trillion levels)

in antarctic meteorites. The results enable us to use meteorites
as probes both of extraterrestrial processes and of terrestrial
weathering, and thus obtain information about ice-sheet
dynamics.

In April 1982, a workshop was held to examine the overlap
between antarctic glaciology and meteorites. Representatives of
both academic communities-36 participants in all—attended.
In addition to summarizing the discussions, the report (Bull
and Lipschutz 1982) made many recommendations. These may
be categorized into five topics: (1) initiating remote reconnais-
sance to identify blue-ice areas; (2) conducting further mete-
orite search and glaciology study in additional blue-ice areas;
(3) conducting detailed studies of the Allan Hills area of Victoria
Land as a prototype system; (4) collecting and studying addi-
tional meteorites; (5) improving communication and interac-
tion between meteoriticists, glaciologists, and other scientists.
Many of these recommendations are currently being carried
out.

Previous studies (Biswas, Ngo, and Lipschutz 1980; Biswas et
al. 1981) demonstrated that, using proper precautions, antarctic
meteorites of weathering/fracturing types A and B yield trace
element data as reliable as those determined from non-antarctic
falls (cf. Lipschutz 1982). What is unknown is the point at which
terrestrial alteration renders antarctic meteorites unsuitable for
trace element study: this question is currently under investiga-
tion in our laboratory.
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Antarctic meteorites are just beginning to demonstrate their
utility as probes of extraterrestrial objects and processes. Ver-
kouteren and Lipschutz (in preparation) found from trace ele-
ment studies (silver, arsenic, gold, bismuth, cadmium, cobalt,
cesium, gallium, indium, rubidium, antimony, selenium, tell-
urium, thallium, and zinc) that F chondrites, hitherto found
only as inclusions in the Cumberland Falls enstatite achondrite,
also exist as inclusions in the antarctic enstatite achondrite Allan
Hills 78113. This newly discovered type of primitive meteorite
should shed further light on the formation of solid objects in the
early solar system.

A sample receiving special attention during the past year was
Allan Hills 81005 in which Verkouteren, Dennison, and
Lipschutz (in preparation) determined siderophilic arsenic,
gold, cobalt, gallium, and antimony; volatile/mobile silver,
bismuth, cadmium, indium, selenium, tellurium, thallium,
and zinc; and lithophilic calcium, rubidium, and uranium. Data
for Allan Hills 81005 are similar to those for lunar highlands
samples returned by Apollo missions, indicating that this mete-
orite originated on the moon. Five elements (cobalt, gallium,
and lithophiles) reflect lunar crustal processes while the re-
maining 11 siderophile and volatile/mobile elements (including
highly mobile thallium, silver, and cadmium) indicate 1.39 ±
0.54 percent micrometeorite (type 1 carbonaceous chondrite
equivalent) admixture or enrichment by thermal mobilization
on the Moon (figure). In contrast to L chondrites, where severe
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Trace element contents of Allan Hills 81005 normalized to those of
type 1 carbonaceous chondrites. Vertical lines indicate ±1 sample
standard deviation derived from the duplicate analyses. Gallium,
cobalt, cesium, rubidium, and uranium probably reflect anorthosite;
other elements indicate 1-2 percent (type 1 carbonaceous
chondrite) admixture by meteoritic matter, possibly coupled with
slight thermal redistribution of very mobile cadmium. These are
features often seen in Apollo lunar samples, indicating Allan Hills
81005 was compositionally unaffected during lunar launch and tran-
sit to Earth. (Other elements are gold, arsenic, antimony, selenium,
tellurium, boron, indium, silver, zinc, thallium, and cesium.)

shock effects are common, trace element data indicate that im-
pact-launching of Allan Hills 81005 to Earth was free of substan-
tial ( 20 gigapascals shock loading: this agrees with pressure
estimates from mineralogic characteristics of the sample. In this
light, a Martian origin for the more severely shocked shergot-
tite, nakhlite, and chassigny (sNc) meteorites is plausible.

Because of several suggestions that the 8 SNC meteorites de-
rive from Mars (e.g. McSween et al. 1979), we measured the
same 16 elements in the 4 shergottites [including Allan Hills
77005 and both lithologies of Elephant Moraine (76°11'S
157°10'E) 79001] as in Allan Hills 81005. For completeness, we
combined our data with those for 31 additional major, minor,
and refractory trace elements in the shergottites in a single
publication (Smith et al. in preparation). While each shergottite
lithology exhibits unique features indicative of a unique source,
all sources fractionated from a single primitive magma—hence
from a dynamic planet not unlike the Earth. The well estab-
lished chemical, isotopic, petrologic, and mineralogic proper-
ties of the shergottites, in particular, and similar less well estab-
lished properties of nakhlites and chassigny are consistent with
a Martian origin.

This research was supported by National Science Foundation
grant DPP 81-11513.
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Curation of meteorites
in the NASA Johnson Space Center,

Houston, Texas

BEVAN M. FRENCH
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Antarctic meteorites have been objects of intense profession-
al and public interest during the last few years. The large
number of meteorites collected, their well-preserved condition,
the rare and exotic types found, and the recent discovery that
one meteorite has come from the Moon and others may have
come from Mars, have attracted the active interest of both mete-
orite researchers and other scientists interested in the history
and environment of the antarctic icecap.

This report describes the curation and distribution of ant-
arctic meteorites by the Johnson Space Center (jsc), a project
that is carried out by the National Aeronautics and Space Ad-
ministration (NASA) as part of an interagency agreement involv-
ing NASA, the National Science Foundation, and the Smithso-
nian Institution.

This program of curation developed in response to the
unique challenge of preserving and distributing large numbers
of meteorites collected from a relatively pristine environment.
Its goals were: (1) to characterize all antarctic meteorites and
recognize rare or unusual ones; (2) to preserve all meteorites
under conditions fhat prevent further chemical or biological
contamination; (3) to subdivide the specimens for study in a
systematic way with complete documentation; and (4) to dis-
tribute specimens for study to the scientific community. (See
figures 1 and 2.) (Antarctic Meteorite Working Group 1981).

A successful curation program was established by applying
and modifying techniques developed during the last decade to
handle the Apollo lunar samples. The antarctic meteorites are
stored in a clean laboratory which formerly housed some of the
lunar sample collection. After initial inspection and drying, the
meteorites are kept in stainless steel cabinets in an atmosphere
of dry nitrogen. (Facilities are also available to maintain mete-
orites at the subfreezing temperatures at which they were col-
lected when this is needed for special scientific studies.) Like
lunar samples, the meteorites are handled with noncon-
taminating materials: stainless steel, anodized aluminum, and
teflon. Careful documentation (including photography) and
computerized data-management techniques, again based on
lunar sample handling procedures, have proved essential in
supporting consortium scientific studies, especially on small or
complex meteorites such as the lunar meteorite (ALHA8I005)
and the possible martian ones (e.g., EETA79001).

These environmental conditions are not intended to be as
rigorous as those imposed on lunar samples. Antarctic mete-
orites, after all, have already been "contaminated" by the natu-
ral terrestrial environment for 104 to 105 years. But the antarctic
environment is the cleanest on Earth, and the success of these
procedures in preventing further deterioration of the mete-
orites has made possible a number of new scientific studies.

Antarctic carbonaceous chondrites show no organic con-
tamination, so that exterior pieces (instead of wasteful interior
ones) can be used to study extraterrestrial organic molecules.
The large amount of chemical data obtained from other stony
meteorites (e.g., unequilibrated ordinary chondrites) is highly
reliable, even for trace elements. Finally, the prevention of any
post-collection meteorite alteration has made it possible to
study the "weathering" produced in the meteorites as a clue to
the antarctic environment itself (Bull and Lipschutz 1982).

In just a few years, this program has already produced many
notable achievements (Cassidy and Rancitelle 1982). More than
1,150 stony meteorites, obtained since active collecting began in
1977, are now under curation at jsc. (The 24 iron meteorites
found so far are curated by the Smithsonian Institution.) These
specimens have been subdivided for research into more than
5,000 subsamples, and 1,700 sample allocations have been
made to 100 investigators in 14 different countries during the
last four years. Libraries of thin sections for about 350 spec-
imens are maintained at JSC and the Smithsonian Institution for
study and examination by scientists.

Future activities of the curation program center around the
collection of more meteorites. Even though about 135 new
meteorites were collected during the 1982-1983 field season,
storage space at JSC is not a problem for the near future. JSC is

also initiating cooperative studies with Japanese scientists, who
have collected more than 5,000 meteorites, in order to share

IJ

Figure 1. Technician Carol Schwarz removes a tray of teflon-bagged
antarctic meteorites from a nitrogen-filled cabinet at the NASA
Johnson Space Center's Planetary Materials Laboratory to begin
scientific examination and study of the specimens. The meteorites,
returned from the Antarctic in a refrigerated ship, are stored in an
atmosphere of dry nitrogen and touched only with noncontaminat-
ing materials such as teflon, steel, and aluminum. Contamination
levels are so low that exterior parts of carbonaceous chondrites can
be successfully analyzed for extraterrestrial organic compounds.
(NASA photograph S82-29825.)
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Figure 2. Technician Roberta Score prepares to photograph frag-
ments of an antarctic meteorite before they are cut and distributed to
the scientific community. Extensive documentation, including be-
fore-and-after photography of split samples, provides an essential
data base for the antarctic collection and makes it possible to
develop sophisticated consortium scientific studies on special
specimens. (NASA photograph S78-32472.)

technical and management details and to assist in making their
specimens more readily available. In the near future, the trans-
fer of many of the stony meteorites from jsc to permanent
curation by the Smithsonian Institution will begin.

Continued activity seems secure, as least so far as the future
supply of meteorites is concerned. The 1982-1983 field parties
established the presence of meteorites on two new ice fields,
and a steady supply of specimens in the future seems assured.
The roster of rare and exciting meteorites is already impressive:
nine carbonaceous chondrites, six mesosiderites, a diamond-

Figure 3. A piece of the Moon, taken from the antarctic ice cap, is
photographed before small pieces of it are distributed to about 25
scientific teams for preliminary analysis. The specimen is an
anorthosite breccia, composed of white feldspar-rich fragments in a
dark glassy matrix. Although similar in composition and mineralogy
to many lunar highlands rocks returned by the Apollo missions, the
chemical characteristics of this specimen show that it does not
come from near an Apollo landing site and may come from the far
side of the Moon. The 30-gram meteorite is about the size of a golf
ball, and an extensive program of scientific study was carried out
using only about a gram of material (NASA photograph S82-35867).

bearing iron, several new types of achondrites, one specimen
definitely from the Moon,, (see figure 3), and two others that
may be from Mars.
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Glacial geology

Thicker west antarctic ice sheet and
peninsula icecap in late-Wisconsin

time—Sparse evidence from northern
Lassiter Coast

RICHARD B. WAITT, JR.

U.S. Geological Survey
Cascades Volcano Observatory
Vancouver, Washington 98661

The southern Antarctic Peninsula is heavily glacierized; from
its crest the peninsula icecap discharges both east and west as
outlet glaciers that descend to seawater through mountainous
terrain. The Lassiter Coast, along the east side of the southern
Antarctic Peninsula adjacent to the Weddell Sea (figure 1), is a
north-trending mountain range transected by such east-flow-
ing outlet glaciers.

The mountains consist primarily of two mutually distinctive
rock groups of Mesozoic age: (1) dark-colored volcaniclastic
shale and siltstone (Latady Formation) and volcanic rocks, and
(2) medium-grained plutonic rocks of compositions between
granite and gabbro, most commonly granodiorite (Rowley and
Williams 1982; Rowley, Schmidt, and Williams 1982; Rowley et
al. in press). Erratics of one group are conspicuous on bedrock
exposures of the other group.

Sparsely distributed glacial striae and erratics (figure 2) in the
mountains of the northern Lassiter Coast indicate that the Ant-
arctic Peninsula icecap was formerly much thicker than it is
today. On ridgecrests and summits as high as 500 meters above
glacier surfaces near latitude 73°30'S (figure 1), granodiorite
erratics lie on shale bedrock, where striae trend 065 to 075
degrees. Sparse striae near latitude 70°00'S also trend generally
east-northeast (azimuths 045 to 070 degrees) across summits
and ridgecrests at least as high as 450 meters above the present
ice surface (figure 1). The ridgecrest striae of the northern group
are oblique to the southeast trend of the Mosby Glacier, which
flows to the Weddell Sea between southeast-trending mountain
groups (figure 1). The ridgecrest and summit striae in both areas
reveal an ice flow that was thicker and less controlled by local
topogrphy than are the existing ice streams.

This relation between ridgecrest and lower-level ice flow in
the Lassiter Coast is not unique: in moderate- to high-relief
terrains formerly buried by ice sheets many ridgecrest striae are
oblique or even normal to lower altitude striae. When late-
Wisconsin ice sheet and icecaps were thick, surface ice flowed
with only faint regard for local topography, but as the ice be-

came thinner it became guided between local divides that pro-
gressively emerged through the thinning ice (e.g., Waitt 1972,
1981).

The general east-northeast trend of striae on summits in the
northern Lassiter Coast probably records the influence of a
formerly thicker and more extensive west antarctic ice sheet
distributary that flowed northeast along the Weddell Sea to-
ward the South Atlantic Ocean (figure 1, inset). It is thought that
antarctic ice sheets expand and contract mainly because the
grounding line advances or retreats in response to changes in
sea level (Hollin 1962; Thomas and Bentley 1978; Thomas 1979;
Paterson 1980, 1981, pages 180-182). A seaward expanse during
an episode of lowered sea level increases the thickness of ice
near the terminus more than it increases the thickness of ice far
inland (Hollin 1962, figure 4; Thomas 1979; Paterson 1980).
Therefore, an increased thickness of 500 meters some 50-100
kilometers inland from the Weddell Sea implies that the broad
ice sheet lobe in the lowland now occupied by the Weddell Sea
was thicker than 1,000 meters. Carrara (1981) constructed the-
oretical ice profiles to account for striae and erratics on nunataks
as high as 450 meters above present ice surfaces in the moun-
tains of the Orville Coast, 350-400 kilometers south-southwest
of the Lassiter Coast. He calculated that during a lowered late-
Wisconsin sea level, ice should have extended at least 70 to 320
kilometers beyond its present margins at the shore of the Wed-
dell Sea. These values are conservative and they ignore the
influence of the enormous glacier that must have expanded
northward from the west antarctic ice sheet along the Weddell
Sea trough (figure 1, inset). The obliquity of summit striae in the
northern Lassiter Coast to local trunk glaciers and to the east
coast of the Antarctic Peninsula suggests that the west antarctic
ice sheet distributary extended as a grounded glacier north to
latitude 73°S or beyond—more than 800 kilometers beyond its
present grounding line near latitude 80°S. The glacier probably
terminated at the edge of the Continental Shelf about 1000
kilometers northeast of its present grounding line and 350 kilo-
meters east-northeast of the Lassiter Coast (figure 1, inset)
(Stuiver et al. 1981, figure 7-27).

The age of the thick-ice stage in the northern Lassiter Coast
cannot be ascertained from strickly local evidence, nor was
Carrara (1981) able to date the thick-ice stage in the Orville
Coast. There are no morainal garlands around nunataks in the
Lassiter Coast such as occur in parts of the Transantarctic Moun-
tains (Barrett and Elliot 1973; Elliot, Barrett, and Mayewski
1974). A relative sequence of glacial deposits therefore cannot be
ascertained in the Lassiter Coast for correlation with weathering
or geomorphic sequences elsewhere in Antarctica. Denton,
Armstrong, and Stuiver (1970, 1971) and Stuiver et al (1981),
however, date the last advance and thickening of the marine ice
sheet in the McMurdo Sound area (Ross Sea) as coincident with
the global sea-level lowering in late-Wisconsin time. The sparse
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Figure 1. Map of Lassiter Coast region, redrawn from U.S. Geological Survey 1:500,000 base maps of Palmer Land. [Bedrock geology from
Rowley and Williams (1982) and Rowley et al. (in press): "G" denotes granitic rock, "L" denotes Latady Formation, and irregular shapes denote
principal nunataks. Inserts redrawn from Denton and Hughes (1 981, figure 7-26): heavy line denotes limits of present ice shelves; dashed line
denotes Ice limit during late Wisconsin Inferred by Stuiver et al. (1981); dotted lines denote inferred iceflow during that stage; "LC" denotes
Lassiter Coast; "OC" denotes Orville Coast.]
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Figure 2. (Left) View toward azimuth 025 of subangular, hard, scar-
cely weathered granodiorite erratics on nunatak south of Douglas
Glacier. Erratics rest in felsenmeer of black shale of the Latady
Formation, about 0.8 kilometers east of nearest contact with gra-
nodlorite; nearby striae trend 065 to 075 degrees. These relations
Indicate a former northeastward overflow of ice through this saddle.

weathering of angular to subangular granitic erratics in the
northern Lassiter Coast is similar to the sparse weathering of
granitic erratics that I briefly examined on both sides of
McMurdo Sound—at Cape Royds on Ross Island and on mo-
raines at the terminus of an alpine glacier in Taylor Valley on the
edge of the Transantarctic Mountains (see also Stuiver et al.
1981, page 331 and figure 7-13). According to Denton et al.
(1970, figure 3), these erratics relate to the last Ross and Alpine
glaciations in the McMurdo Sound area, dated between about
9,500 and 35,000 radiocarbon years ago. In contrast to these
sparsely weathered angular erratics, subangular to rounded
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boulders beyond the Ross I and Alpine I drift limits but within
the Taylor III drift limit of Denton et al. (1970, figure 3) are
grussified, cavernously weathered, and wind faceted. Stones
on moraines above (and thus older than) low moraines farther
south in the Transantarctic Mountains are also highly
weathered (Elliot et al. 1974; Mayewski 1975). The sparse
weathering of erratics on nunataks in the Lassiter Coast there-
fore suggests that the thick-ice stage evidenced in the southern
Antarctic Peninsula is late-Wisconsin age.

Field work was done during austral summer 1972-1973 inci-
dental to bedrock mapping by the U.S. Geological Survey. The
field project was financed by National Science Foundation grant
AG-187 and logistically supported by U.S. Navy Operation Deep
Freeze.
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Ice sheet overriding of the
Transantarctic Mountains

G. H. DENTON, D. E. KELLOGG, and T. B. KELLOGG

Department of Geological Sciences and Institute for Quaternary Studies
University of Maine
Orono, Maine 04469

M. L. PRENTICE

Department of Geological Sciences
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Providence, Rhode Island 02912

During the past three austral field seasons, we investigated
late Tertiary overridings of the Transantarctic Mountains by an
expanded antarctic ice sheet considerably larger than those of
late Quaternary ice ages. Geologic and glaciologic studies both
indicate that eustatic sea-level changes caused by Northern
Hemisphere ice sheets drove late Quaternary fluctuations of the

antarctic ice sheet, when it repeatedly grounded on peripheral
continental shelves but did not thicken sufficiently to inundate
the Transantarctic Mountains (Hollin 1962; Stuiver and others
1981). We suggest that eustatic sea level also drove ice-sheet
variations during at least the youngest Tertiary overriding epi-
sode, when the mountains were inundated, because evidence
of climatic change at that time is absent in the Transantarctic
Mountains. If we are correct, the latest overriding episode (and
perhaps earlier episodes) reflect large concurrent Northern
Hemisphere ice sheets. These large ice sheets could have
shaped major fjords in eastern Canada and Greenland that are
othewise difficult to explain by limited late Quaternary ice ex-
tent in these regions (Andrews and Miller 1976; Funder and
Hjort 1973). We outline here evidence for overriding.

The dry valleys region in the Transantarctic Mountains shows
two major imprints of glacial erosion. The older imprint in-
cludes major valley systems that occur on the eastern mountain
flank where they form the dry valleys, as well as on the western
mountain flank where they lie buried beneath the ice sheet
(Drewry 1982). Mountain ranges between dry valleys exhibit
glacial erosional features, which complete the older imprint.
The major valleys, as well as mountain alpine erosional forms,
were cut primarily by a local ice cover rather than by a continent-
al ice sheet, because on the western flank of the Transantarctic
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Mountains the valleys descend inland beneath the present ice
sheet (Drewry 1982).

The younger imprint of glacial erosion records angular over-
riding of the preexisting mountain-and-valley topography by
northeastward-flowing ice. We infer that only an extensive ice
sheet would be thick enough to cover the mountains and flow
diagonally across deep valleys. A local ice cap would simply
flow along preexisting valleys. We have field evidence for sim-
ilar angular overriding between Byrd Glacier and the Convoy
Range, which further implies the existence of an ice sheet rather
than a local ice cap.

The overriding ice sheet modified preexisting alpine topogra-
phy in the Asgard and Olympus Ranges, Quartermain Moun-
tains, and Kukri Hills, producing an array of subglacial deposits
and erosional features. Mountains, cirques, and ridges in the
resistant granite and metamorphic bedrock of the eastern dry
valleys were molded and smoothed. Here bedrock surfaces
with dike swarms show subglacial corrugation. Further west,
mountains, cirques, and ridges of less resistant Beacon Super-
group sedimentary rocks and Ferrar Dolerite sills were more
severely modified. Alpine cirques and ridge slopes facing up-
glacier were abraded into smooth stoss slopes; similar features
in the lee of ice flow were eroded headward by subglacial melt-
water generated during abrasion of adjacent stoss slopes (figure

Figure 1. Fossil alpine horn (2,000 meters) In foreground composed
of Beacon Supergroup sedimentary rocks with a Ferrar Dolerite cap
in the Asgard Range between Taylor and Wright Valleys. An overrid-
ing ice sheet produced a smooth, abraded stoss slope on the left
and a plucked lee slope on the right.

1). Such headward erosion produced lee troughs, breached
divides between opposing cirques, and isolated remnant alpine
ridges and horns. Advanced subglacial erosion in the central
Olympus Range has left only isolated ridges and peaks sepa-
rated by remnant trough floors.

The overriding ice sheet deposited basal sediments on the
glacially eroded landscape. On lee slopes and in lee troughs,
systematically arranged patches of till and glacially corrugated
bedrock extend in a pattern unbroken by moraines or weather-
ing changes from high mountain peaks down to low Late
Pliocene and Pleistocene moraines near Wright Upper and Tay-

br Glaciers. Ferrar Dolerite capping several mountain peaks
forms tips of boulder trains that extend down lee troughs for 1 t
3 kilometers. Lee troughs commonly exhibit giant potholes,
plungepools, and large meltwater channels; all were cut by
subglacial meltwater and are commonly adjacent to till patches
and glacially corrugated bedrock. Numerous fields of rippled
gravel record subglacial sheet flow of meltwater (figure 2).

Figure 2. Ripple-like features composed of gravel and deposited by
basal meltwater beneath overriding ice In a lee trough in the Asgard
Range. Individual ripple-like features are up to 100 meters long and
1.0 meter high.

Stoss slopes show smoothly abraded bedrock with a sparse
surface litter of erratics and irregular till patches. They lack
ripple-like features, corrugated bedrock, subglacial channels,
and potholes.

Northeastward flow of overriding ice is deduced from wide-
spread features in the mountains (boulder trains, high moun-
tains with stoss-and-lee shapes, roche mountonnees, fields of
subglacial ripple-like forms, and striations). Even the highest
peaks were overrun, including Mount Feather (2,985 meters).

Maximum and minimum ages for the youngest overriding
episode can be obtained in central Wright Valley. Here a wide-
spread sheet of basal till represents the youngest overriding
episode. Near Lake Vanda this till abruptly overlies glacimarine
diamicton, and at Prospect Mesa near Bull Pass it rests on a
gravel unit that contains numerous valves of an extinct marine
mollusk (Turner 1967). Co-occurrence of marine diatoms Den-
ticulopsis lauta and D. hustedtii in the glacimarine diamicton
suggests deposition at some time between the middle of the
Middle Miocene, approximately 15 million years ago, and the
middle of magnetostratigraphic Chron 9, approximately 9 mil-
lion years ago, in early late Miocene time (Ciesielski in press).
On the basis of incomplete stratigraphic ranges of enclosed
benthic foraminifera, Webb (1974) estimated a middle Pliocene
and Brady (1979, 1982) an Early Pliocene age for the fossiliferous
gravel at Prospect Mesa. Near Bartley Glacier, also in central
Wright Valley, the basal till unit underlies alpine moraines em-
placed between 2.0 and 3.38 million years ago, according to our
correlation by field mapping and soil stratigraphy of these mor-
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ames with glacial deposits potassium/argon dated in Taylor
Valley (Denton, Armstrong, and Stuiver 1971; Armstrong 1978).
Thus the basal till has a maximum age between 9 and 15 million
years and may be younger than Middle to Early Pliocene if the
age estimates of the fossiliferous gravel at Prospect Mesa are
correct. Further, the basal till has a minimum age between 2 and
3.38 million years.

For reasons given in Denton and others (in preparation), we
think that the overriding was multiple and that one episode
occurred more than 9 to 15 million years ago.

We obtained an approximate ice-surface elevation of 3000
meters for the dry valleys region for the latest overriding epi-
sode by adjusting mountain elevations for 300 meters of tec-
tonic uplift and then estimating that the highest mountains
were buried by 500 meters of ice, the minimum thickness to
account for observed subglacial features (Denton et al. in
preparation).

Why were the Transantarctic Mountains overridden? Diago-
nal northeastward ice flow across major valleys and intervalley
mountain ranges between Byrd Glacier and the Convoy Range
could only occur if extensive blocking ice in the Ross Sea (and
thus West Antarctica) induced burial of the Transantarctic
Mountains and thickening of the adjacent east antarctic ice
sheet. Burial of the Transantarctic Mountains would promote a
unified antarctic ice sheet with a central dome, because exposed
mountains would no longer separate the east and west antarctic
ice sheets. Thus we conclude that a greatly expanded antarctic
ice sheet with a high, central dome was responsible for overrid-
ing of the Transantractic Mountains (Denton et al. in
preparation).

This work was supported by National Science Foundation
grant DPP 80-23714.
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Late Neogene and older Cenozoic
microfossils in high elevation deposits

of the Transantarctic Mountains:
Evidence for marine sedimentation

and ice volume variation on the east
antarctic craton
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Pliocene and older marine diatoms and a variety of pre-
Pliocene microfossils occur in samples of the Sirius Formation,
collected more than 2,500 meters above sea level in the Trans-
antarctic Mountains (figure). These occurrences record one or
more phases of deglaciation of marine-based portions of the east
antarctic ice sheet, marine invasion of the Wilkes and other
subglacial basins, and final re-establishment of the east ant-
arctic ice sheet sometime in the last 3 million years. Marine
sediments rich in diatom and other microfossil remains, deposi-
ted during marine invasions of intracratonic basins, were strip-
ped from basin floors and transported by the east antarctic ice
sheet over the summits of the Transantarctic Mountains in the
late Pliocene or Pleistocene (Webb et al. in press).

John Mercer (1972, 1978, 1983) proposed the name Sirius
Formation for the compacted strata that disconformably overlie
pre-Tertiary rocks and designated the outcrops on Mount Sirius
near the Beardmore Glacier as the type strata. Mayewski (1972,
1975) recognized and mapped the Sirius Formation at many
localities in the central and southern Transantarctic Mountains.
He suggested that the Sirius Formation was deposited by a
major advance of an enlarged east antarctic ice sheet that over-
rode the Transantarctic Mountains in the late Neogene.

A preliminary examination of 15 Sirius Formation samples
from the Reedy and Beardmore Glacier areas and from Mount
Feather (figure 1) yielded diverse assemblages of diatoms, for-
aminifera, radiolaria, silicoflagellates, calcareous nan-
noplankton, ostracodes, sponge spicules, and pollen. The di-
atom assemblages contain elements of late Pliocene, late
Miocene, late Oligocene, and Eocene ages (Harwood, Antarctic
Journal, this issue). The foraminiferal assemblages contain ele-
ments of Cretaceous, Paleocene, and Eocene ages. Because the
glacigene Sirius Formation must be younger than the youngest
reworked marine fossils, deposition must have occurred during
the late Pliocene or Pleistocene.

Three samples from the Reedy Glacier area contain abundant
microfossil remains. The assemblages are the southernmost
Cenozoic faunas and floras yet documented. The youngest
marine diatoms include members of the Coscinodiscus vulnificus
through Nitzschia interfrigidaria/Coscinodiscus vulnificus zones of
Ciesieski (1983). These zones range from 3.1 to 2.2 million
years. A single sample from the Quartz Hills, Lower Reedy
Glacier, contains well preserved recycled lower Pliocene-upper-

most Miocene diatoms including Tha/assiosira torokina which
ranges from 6.6 to 4.2 million years according to Ciesielski
(1983).

Two samples from the Beardmore Glacier region contain for-
aminifera, diatoms, radiolaria, silicoflagellates, and sponge
spicules. The occurrence of Thalassiosira oestupii in a sample
from Plunket Point, near the head of the Beardmore Glacier,
suggests a Pliocene age for the youngest marine component of
this deposit. A sample from the type section at Mount Sirius
contains a very rich diatom flora of the upper Oligocene Rocella
ge/ida Zone of Gombos and Ciesielski (1983).

A sample from Mount Feather in southern Victoria Land
contains Eocene foraminifera and a diverse assemblage of
Pliocene diatoms, including Coscinodiscus len tiginosus f. obovatus
suggesting a mid-late Pliocene age for the marine component of
this sample.

The late Pliocene diatom flora present in the Sirius Formation
samples places a maximum age of 3 million years or less on
deposition of this glacial till. The Sirius Formation could have
been deposited in one of three ways. (1) It could be an in situ
marine tillite deposited when portions of the Transantarctic
Mountains were below sea level. This implies an extremely
rapid uplift rate of 1,000 meters per million years for the past 3
million years. Because there is no substantiating field evidence
of such major tectonic activity today and no substantial vertical
separation between Pliocene deposits in the dry valleys and the
Ross Sea, this mode of depositional origin is not supported. (2)
Pliocene and older marine deposits from the Ross Sea basins
may have been incorporated into the base of a greatly thickened
and expanded west antarctic ice sheet and carried westward
toward the crest of the Transantarctic Mountains. We reject this
model, because such an ice-flow direction is in opposition to the
easterly flow of the larger east antarctic ice sheet into the Ross
embayment. (3) Marine sediments may have been carried by ice
from the Wilkes and Pensacola basins which lie adjacent to the
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inland flanks of the Transantarctic Mountains. We favor this
derivation.

Today, the floors of the Wilkes and Pensacola basins are be-
tween 500 and 700 meters below sea level with some large areas
1,000 meters below sea level. In the Cretaceous and early Pal-
eogene part of this area of East Antarctica was contiguous with
or adjacent to the sedimentary basins of southern Australia.

The occurrence of warm temperate Eocene foraminifera as far
south as present latitude 86°S lends support to the views ex-
pressed by Webb (in press) that this time interval witnessed
major southern incursions of warm temperate waters during
one or more phases of open marine sedimentation and wide-
spread transgression across Antarctica. The presence of Eocene
planktic marine diatoms and calcareous nannoplankton lend
additional credence to the existence of large marine basins at
this time. The location of assemblages midway between the
southern Atlantic and southern Indian and Pacific Oceans also
strengthens the argument for transantarctic marine seaways
(Webb 1979).

Diatom assemblages from the Sirius Formation are domi-
nated by diverse late Eocene, late Oligocene, late Miocene and
Pliocene planktic marine taxa identical to those of the circum-
antarctic diatom province. The high abundance of diatoms indi-
cates fertile open marine conditions during these times. The
absence of freshwater diatoms suggests either that little fresh
water was entering the marine environment from melting ice
and terrestrial runoff or that the circulation system was effective
and adequate. As the Pliocene southern ocean diatom floras
were homogenized by the circumantarctic current they offer no
clues to the provenance of the Sirius Formation. At present it
cannot be determined whether Transantarctic Strait(s) or a local
seaway in the George V Coast and/or Ross Sea embayment were
responsible for the presence of ciruculating marine waters.

Intracratonic basins would have remained open until sea tem-
peratures were low enough for cold ice to be present at sea level,
allowing ice shelves and grounded ice to form and expand. If
temperatures and/or sea level rose these basins would again
become ice-free. Evidence from beyond the antarctic continen-
tal area provides support for such a senario. For example, sig-
nificant data for an early Pliocene warming (Ciesielski and
Weaver 1974) and sea level rise (Vail and Hardenbol 1979) exists
and supports our argument for largely ice-free Wilkes and Pen-
sacola basins. The individual reworked assemblages in the Sir-
ius Formation record discrete periods of marine sedimentation
in these basins (Harwood, Antarctic journal, this issue). During
those time intervals of the Cenozoic not represented in the
reworked assemblages, i.e., the early, middle, and early late
Miocene and most of the early Oligocene (Harwood, Antarctic
Journal, this issue, figure 1), the basins were either ice-filled or
above sea level due to regression.

We contend that the Sirius Formation microfloras reflect
Cenozoic marine sedimentation on the east antarctic craton and
major variability in the Pliocene-Pleistocene history of part of
the east antarctic ice sheet. Furthermore, because the ice of the

inland basins interacted with the southern and world oceans,
the variation in the volume of this ice contributed to the late
Neogene eustatic fluctuations documented by Vail and Harden-
bol (1979). Until now, these fluctuations have been attributed to
the west antarctic and Northern Hemisphere ice sheets.

This research was supported by National Science Founda-
tions grants DPP 80-18749A01 (to Peter Webb) and DPP 81-17889
and GA-136 (to John Mercer).
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Diatoms from the Sirius Formation,
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The Sirius Formation contains reworked marine diatom as-
semblages of upper Eocene, upper Oligocene, upper Miocene,
and Pliocene ages. These marine components were deposited
during repeated marine invasions of intracratonic basins
(Wilkes-Pensacola basins of Webb et al. in press) which parallel
the eastern flanks of the Transantarctic Mountains. During the
late Pliocene-Pleistocene (after deposition of the youngest ma-
rine diatoms) these sediments were stripped from their basins
and transported to the summits of the Transantarctic Moun-
tains and deposited within the Sirius Formation (see Webb et
al., Antarctic Journal, this issue.)

These diatom assemblages will aid in unravelling the
Cenozoic marine depositional history on the east antarctic
craton and provide an approximate stratigraphy of the sedimen-
tary sequence beneath the east antarctic ice sheet. Figure 1
illustrates the episodes of marine deposition as indicated by
diatoms which were obtained from sedimentary clasts in the
Sirius Formation.

Marine diatoms were identified in 9 of 15 samples examined
in this preliminary study. Sample materials are from the Reedy
and Beardmore glacier areas and from Mount Feather (figure 1
in Webb et al., Antarctic Journal, this issue). These represent the
southernmost reported occurrence of marine diatoms to date.
Age assignments of diatom assemblages are based on southern
high-latitude zonal schemes of Weaver and Gombos (1981),

Gombos and Ciesielski (1983), Ciesielski (1983), McCollum
(1975), and Schrader (1976). When diatom zones were not recog-
nizable, the maximum stratigraphic range of specific taxa from
the cited literature was used in figure 1. Foraminifera, radi-
olaria, silicoflagellates, calcareous nannoplankton, sponge
spicules, ostracodes, and palynmorphs are associated with the
diatoms.

Reedy Glacier Area. Sample 64-70 from Tillite Spur contains
abundant diatoms of various ages (figure 2). The youngest di-
atoms include Cosmiodiscus insignus, Coscinodiscus vulnificus, C.
lentiginosus, C. kolbei, C. elliptopora, Nitzschia Kerguelensis, N.
angulata, Eucampia ballaustiurn and others. These taxa belong to
the Cosmiodiscus insignus Zone through Nitzschia interfrigidaria/
Coscinodiscus vulnificus Zone (3.1 to 2.5 million years.) of
Ciesielski (1983). Middle-upper Miocene and upper Oligocene!
lower Miocene phases are identified by Denticulopsis dimorpha
and Synedra jouseana, respectively. Upper Eocene diatoms in-
clude Pyxillia prolungata, Hemiaulus incicus, H. pacificus, Tn-
ceratium unguiculatum, Coscinodiscus superbus, Rocella praenitida,
Pseudophxillia dubia, Stephanopyxis hyalomarginata, and others.
Many of these taxa are not restricted to the upper Eocene;
However, because Stephanopyxis eocenica and Pyxillia johnsonia
var. intermedia are restricted, the entire assemblage is assumed
to be upper Eocene in age.

A sample from Metavolcanic Mountain contains Coscinodiscus
vulnificus (mid-Pliocene) and Cestodiscus sp. (upper Eocene
through upper Oligocene). Sample 64-60 from the Quartz Hills
yielded Coscinodiscus lentiginosus, Thalassiosira oestuppii, Ac-
tinocyclus ingens s.1., Charcotia actinochilus (previously reported
as restricted to the Pleistocene) and Thalassiosira torokina which
suggests an upper Miocene-lower Pliocene age (6.6-4.2 million
years) according to Ciesielski (1983).

Beardmore Glacier Area. A sample from Plunket Point in the
Dominion Range yielded very rare diatoms and diatom frag-
ments. The presence of Thalassiosira oestuppii suggests a
Pliocene age for this sample.

A rich upper Oligocene-early Miocene diatom flora of the
Rocella gelida Zone of Combos and Ciesielski (1983) was re-
covered in a sample from Mount Sirius. The assemblage in-

Figure 1. Episodes of marine deposition in the Wilkes-Pensacola basins as indicated by diatoms. The middle Miocene to early Pliocene interval
( * ) may represent several isolated episodes which cannot be resolved at this time.
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Figure 2. Diatoms from the Sirius Formation: (1) Charcotia actinochilus, sample 64-70; (2) Coscinodiscus vulnificus, sample from Metavolcanlc
Mountain; (3) Pyxillia prolungata, sample 64-70; (4) Hemlaulus polycystinorm, sample 64-70; (5) Eucampia balaustium, sample from Mount
Feather; (6) Nitzschia kerguelensis, sample 64-70; (7) Synedra jouseana, sample 64-70; (8) radiolarian, sample from Metavolcanic Mountain;
(9) Chiasmolithus bidens (calcareous nannoplankton), sample 64-70; (10) Triceratium unguiculatum, sample 64-70; (11) Distephanus spec-
ulum (silicoflagellate), sample 64-70; (12) Hemiau!us pacificus, sample 64-70; (13) Stephanopyxls grunowii, sample 64-70; (14) Act inocyclus
ingens s.1., sample from Metavolcanic Mountain; (15) Trinacria excavata, sample 64-70; (16) Cosmiodiscus insignus, sample 64-70; (17)
Thalassiosira torokina, sample 64-70; (18) Coscinodiscus lentiginosus, sample 64-70.

cludes Rocella vigilans, Rogelida, Synedra jouseana, Rossiella sym-
metrica, Coscinodiscus oligocenincus, and others.

Mount Feather. A sample from Mount Feather yielded the
following Late Neogene diatoms: Hemidiscus Karstenii, Cos-
cinodiscus lentiginosus, C. lentiginosus f. obovatus, Nitzschia ker-
guelensis, Rouxia antarctica, and others. C. lentiginosus f. obovatus
is restricted to the middle Pliocene through lowest Pleistocene
in the southern ocean according to Weaver and Combos (1981)
and DeFelice (1979). An upper Miocene phase is recognized by
the presence of Denticulopsis hustedtii.

Discussion. The implications of microfossil-rich sedimentary
clasts within the Sirius Formation are enormous. The Cenozoic
sedimentary sequence hidden beneath the east antarctic ice
sheet is represented in the Sirius Formation as individual sedi-
mentary clasts. Thus, the history of marine invasions and sedi-
mentation on the east antarctic craton can be interpreted. Also,
the direct cause-and-effect relationship between ice volume

fluctuations and eustatic changes in the Wilkes-Pensacola
basins makes this region unique. Episodes of marine sedimen-
tation (as indicated by the diatoms) represent retreat of the east
antarctic ice sheet (uncovering the Wilkes-Pensacola basins)
and eustatic rise with transgression into these intracratonic
basins. Those periods not represented in the Sirius Formation
suggest that either marine regression exposed the basin floors
or that ice filled the basins during these times.

This study was supported by National Science Foundation
grant DPP 80-18749A01, Peter-Noel Webb, principal
investigator.
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Glacial geology and soils in Beacon
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During the 1982-1983 field season, we spent 6 weeks examin-
ing the glacial history and soils of Beacon Valley (77°53'S
160°40'E), as part of G. H. Denton's and J. G. Bockheim's project
to investigate the glacial history of the McMurdo Sound region.
Our major objectives were: (1) to map glacial features and deter-
mine the chronology of glacial events using soils as relative age
indicators, (2) to study fluctuations of Taylor Glacier where it has
entered lower Beacon Valley, and (3) to study the behavior of
alpine glaciers and ice-cored rock glaciers that originate in tribu-
tary lateral valleys (Lv) (see figure) and mantle the main valley
floor. We excavated, described, and sampled 18 soil pits and
collected 57 samples for soil chemical analysis. In addition, we
collected 57 samples from shallower excavations for particle size
and mineralogical analysis. Surface boulder weathering counts
were performed on a minimum of 100 boulders larger than 25
centimeters near each soil pit and on rock glacier lobes in LV 6
and 7.

In lower Beacon Valley, differences were observed in soils
developed on deposits left by the various advances of Taylor
Glacier. The least-developed soils occur on transverse moraine
ridges on the main valley floor (2-4 kilometers from Taylor
Glacier) and are presumably the youngest of the Taylor ad-

(Right) Sketch map (not a geologic map) showing locations of soil
pits in Beacon Valley.
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vances into Beacon Valley. Soils of intermediate development
occur on a high Taylor lateral moraine on the southeastern
valley wall, as well as on moraine fragments in LV 2. Depths of
oxidation, coherence, ghosts, visible salts, and depth to ice-
cement increase considerably between soils on the valley floor
transverse moraines and those associated with the higher Tay-
lor lateral moraines (table 1). Our soil morphologic data on these
deposits is similar to that of Bockheim and Ugolini (1972) and
Linkletter, Bockheim, and Ugolini (1973) from Beacon Valley.
The percentage of boulders planed to the surface, ventifacted,
pitted, fractured, and horned and hollowed is greater on the
higher Taylor lateral moraine compared with the valley floor
transverse moraine (table 2). Surface boulder frequency is high-
er on the transverse moraines than on the higher lateral
moraine.

Soils on the valley floor transverse moraines and the higher
lateral moraines in lower Beacon Valley are similar to soils on the
Taylor II and III moraines in eastern Taylor Valley (Bockheim
1977; Pastor and Bockheim 1980), respectively. It is likely that
Taylor IV ice advanced into Beacon Valley, as it did into nearby
Arena Valley (Bockheim 1982), but in Beacon Valley it left be-
hind very little drift—no Taylor IV moraines or soils have yet
been found there.

In addition, we have mapped numerous features within the
valley and on adjacent mountains that we believe are the result
of erosion and deposition by overriding ice as noted elsewhere
in the dry valley region (Denton, Kellogg, and Kellogg, Ant-
arctic Journal, this issue). Denton postulates that an overriding
ice sheet existed in the dry valleys area and flowed diagnally
across the mountains and valleys in a southwest to northeast
direction. Features we have mapped include abraded stoss
sides of sandstone ridges, lee cliffs, and slopes eroded by sub-

glacial meltwater to produce pothole-like features, megaripples,
and dolerite-rich boulder trains derived from local peaks and
smeared across lateral valleys.

The most strongly developed, and presumably oldest, soils
in Beacon Valley, occur on parts of the central and upper valley
floor and along the southeastern flanks where not disturbed by
frost processes. We believe these soils represent drift from the
overriding ice (tentatively named Altar drift), because they
show a considerable increase in development compared to Tay-
lor II and III soils. The depths of ghosts and visible salts, salt
morphogenetic stage, and color of the B2 horizon are greater in
soils on Altar drift than in those on Taylor 1! and III drifts (table
1). In addition, Altar soils have a silty, pulverulent nature which
is not exhibited in Taylor II and III soils, and may suggest that
extremely thick, wet-based ice deposited this material. Unlike
the Taylor drifts, Altar drift commonly has many well-preserved
buried ventifacts mixed within the solum.

Small alpine glaciers occupy 8 of the 12 lateral valleys (figure).
We believe that these alpine glaciers are fed entirely by wind-
blown snow carried by katabatic winds that blow from south-
west to northeast around and over Mount Feather at the head of
the valley and deposit snow in lee cirques. Mass loss from these
glaciers is predominantly by sublimation. In some cases (LV 4
and 5), these glaciers are surrounded by ice-cored moraines that
stand above the present glacier surface. In other lateral valleys
(LV 6, 7, and 8), the alpine glaciers are transitional downvalley to
still-active ice-cored rock glaciers, 1-3 kilometers long, on
which a debris mantle that overlies clean ice becomes pro-
gressively thicker downvalley from 2-30 centimeters.

In at least one lateral valley (Lv 5), both rock glaciers and clean
alpine glacier lobes have formed at different times. The clean-ice
lobes have left alpine lateral moraines that cross the rock glaciers

Table 1. Soil morphologic characteristics of different aged drifts in Beacon Valley
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0	 7	 S
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ice cementa	(B2)

	

48	1OYR 5/4

	

>70	10YR 5/4

7.5YR 6/4
7.5YR 6/4
1OYR 6/6
1OYR 6/6
1OYR 6/6

5YR 5/8
1OYR 6/6
7.5YR 5/6
7.5YR 5/6
7.5YR 5/6
7.5YR 5/6
5YR 5/6
7.5YR 5/6
7.5YR 5/6
7.5YR 5/6
5YR 4/6

Profile
number

Youngest

80-12
80-13

Intermediate
76-28
76-42
82-27
82-28
82-42

Oldest
80-14
80-16
82-26
82-29
82-30
82-31
82-33
82-34
82-35
82-39
82-40

0
	

22
	

S
	

>90
35
	

10
	

S
	

>85
16
	

19
	

S
	

>105
20
	

20
	

S
	

>100
90
	

18
	

S
	>100

85
	

30
	

S
	

>110
68
	

93
	

LS
	

>93
25
	

53
	

LS
	

53
38
	

87+
	LS
	>87

32
	

37
	

S
	

89
72
	

34
	

LS
	

86
0
	

85+
	LS
	

85
6
	

30
	

LS
	

30
35
	

60
	

LS
	

60
0
	

47
	

LS
	

47
58
	

60
	

LS
	

60

In centimeters.
b "5" denotes sand; "LS" denotes loamy sand.
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65
63
12
12

(38)

57
66
75
86
74
57

3
(60)

0
0

0
31
31

0
0
2
0
2

74

2
4
8
9

(6)

18
8
6

4
29
16

(12)

0
0
0
0
3

0
0
0
0
0
4

20
30
26

5
(20)

30
24
24

9
20
36
33

(25)

6
15

7
23

3
2
4

20

0
0

11
0

(3)

3
5
2
2
8
4
6

(4)

0

0
0

13
15

0
0
0
0
8
8

0
0
0
0

(0)

0
0
0
0
0
0
0

(0)

7
15

0
0
0

3
19
0
0
0
0

U

2
11
14

2
2

13
18
17

Table 2. Weathering of boulders on different aged drifts in Beacon Valley

Number	Diorite/
(per 314 diorite +	 Desert

Profile	square	sandstone Pitted	Spalled	varnish
number	meters)	(%)	(%)	(%)	(%)

Youngest

80-12	660	98	14	27	100
Intermediate

82-27	1036	92	26	23	100
82-28	837	92	12	23	100
82-42	289	87	23	59	93
76-42	285	97	43	45	93
(Avg.)	(612)	(92)	(26)	(38)	(97)

Oldest
82-26	547	100	30	33	98
82-30	412	96	17	47	100
82-31	511	100	30	32	100
82-33	465	100	40	45	100
82-34	887	98	44	35	100
82-40	200	100	49	16	100
80-16	365	81	23	17	100
(Avg.)	(484)	(96)	(33)	(32)	(100)

LV 6 Rock Glacier
(1)b	421	95	1	0	100
(2) 358	100	4	37	99
(3) 254	93	12	38	98
(4) 543	100	14	53	82
(5) 427	100	15	61	100
82-41	845	100	17	80	100

LV 7 Rock Glacier
(6)b	 85	99	8	3	81
(7) 455	100	29	0	90
(8) 292	100	12	15	100
(9) 807	100	18	22	100
(10) 887	100	27	66	100
82-34	887	98	44	35	100

a "—"denotes no data available.
(1) through (5) and (6) through (10), youngest to oldest.

Venti-	Planed to	Horned and	 Depth to clean
facted	surface	Fractured hollowed	Scratched	ice (in

(%)	(%)	(%)	(%)	(%)	centimeters)

0	0	7	0	0	-

but disappear on the valley floor apparently because there was
not sufficient debris on them to produce moraines at their
termini. Where these alpine moraines disappear, we find soils
that indicate a much greater antiquity of the rock glacier surface
than that of the lateral moraines, suggesting that alpine ice
advances over older rock glacier surfaces with little disturbance
of the underlying soils. We are in the process of examining the
various factors that may produce clean alpine glaciers under
some conditions and rock glaciers under other conditions in the
same valley.

Soils and surface boulders on the relatively young, still-ac-
tive, ice-cored rock glaciers in LV 6, 7, and 8 show slight but
progressive weathering downvalley. Weathering features such
as percentage of boulders varnished, spalled, horned and hol-
lowed, and planed to the surface show a perceptible increase
with greater distance from the alpine glaciers in LV 6 and 7 (table
2). Percentage of boulders ventifacted, pitted, and fractured
increases significantly from the youngest to oldest part of the
rock glaciers. The debris mantle on these rock glaciers, once
established, substantially reduces sublimation of ice and allows

it to persist for long times while adjacent clean glaciers might
retreat.

There is a sharp contrast between the soils associated with
these relatively young ice-cored rock glaciers that have well-
defined ridges, furrows, and lobes and older deposits imme-
diately downvalley from them (table 2). Much of the broad floor
of Beacon Valley that slopes 2-3° toward the northeast is man-
tled by deposits that we believe are older, now inactive, ice-
cored rock glaciers that extend the length of Beacon Valley and
beneath Taylor Glacier.

This work was supported by National Science Foundation
grant DPP 78-23832A-01 to George H. Denton. We appreciate his
support and advice, and the assistance of Howard Conway and
Rick Pershken in the field. We thank the helicopter pilots and
crewmen of VXE-6 for logistic support.
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Land ice studies__________________________

Analysis of geophysical data from
Dome C and the Ross Ice Shelf

C. R. BENTLEY, S. SHABTAIE, C. S. LINGLE, and D. D.
BLANKENSHIP

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

Electrical resistivity studies: Soundings and computer modeling.
Studies of ice-sheets and flow-line modeling have indicated the
importance of an independent knowledge of the depth-age
relationship. Core analyses can provide this, at least down past
the Wisconsin-Recent boundary, which is marked by an abrupt
change of physical and chemical properties. Unfortunately,
there are few deep boreholes in the polar regions, so
geophysical methods need to be sought. Electrical resistivity
sounding is a potentially powerful technique, because the re-
sistivity of polar ice is strongly dependent on the density, tem-
perature, and physical and chemical changes in the ice. Our
measurements and model studies at several locations in Ant-
arctica (Shabtaie and Bentley 1979; Shabtaie et al. 1980) have
resulted in the discovery of a sharp increase in resistivity at a
depth that we identify with the transition from Recent to
Wisconsin ice (Shabtaie and Bentley in press). At the two sta-
tions with boreholes (J-9 and Dome C) the resistivities increase
down to the Recent-Wisconsin boundary, and then decrease.

The cause of this resistivity increase is not well understood
and may be attributed to any of the several physical and chemi -
cal changes that occur at about the same depth. Regardless of
the cause(s) of the resistivity changes, resistivity soundings can
be used to estimate the depth at which this boundary exists.
Furthermore, it may be possible, using resistivity soundings, to
trace the climatic boundary in an ice sheet by making measure-
ments at stations along a flow line.

The Dome C observations indicate that another gradual in-
crease or jump to higher resistivity probably exists at a much
greater depth, where the age of the ice is estimated to be more
than 100 thousand years, and that high resistivities persist to
the bottom of the ice sheet. Computer model studies indicate
the increase to be an order of magnitude or more. There may be
a correlation between the depth at which internal radar-reflect-
ing layers disappear and the depth at which the high resistivity
zone begins. Stations on the Ross Ice Shelf close to the west
antarctic ice streams and the major outlet glaciers of East Ant-
arctica show similar effects.

A computer program that uses the linear filter method has
been developed to calculate apparent resistivities on both ice
shelves and ice sheets in which the actual resistivities (as well as
other physical parameters) vary pseudo-continuously with
depth. This computational technique is an order of magnitude
faster than the one we have used previously.

Several different mixture equations were used to estimate the
dependence of resistivity on density. Because temperatures are
known to a depth of 900 meters at Dome C, models with dif-
ferent activation energies could be tested both for firn (mini-
mum density 0.35 megagrams per cubic meter) and solid ice.
The models fitted to the observed values over the temperature
range of - 20°C to - 55°C for firn and - 2°C to - 53°C for solid
ice suggest an activation energy of about 0.25 electron volts for
both. The functional dependence of resistivity on density and
temperature developed at Dome C where the two effects could
be separated, has been found to provide a fit at practically all the
stations on the Ross Ice Shelf, where they cannot be individually
analyzed.

Seismic Studies. Observations reported last year (Bentley et al.
1982) and elsewhere (Blankenship, Gassett, and Bentley 1982)
indicate that the deeper ice in the vicinity of Dome C is
transversely isotropic with a vertical axis of anisotropy. The
functional form of the P-wave slowness surface observed is
consistent with one obtained from a model employing, for the
anisotropic ice, a uniform distribution of c-axes within a vertical
circular cone of semi-apex angle I. Limiting models fitting the
data for Dome C are (1) half isotropic ice and half anisotropic ice
with I 0° and (2) all anisotropic ice with I 29°. On the basis
of c-axis distributions measured in ice cores from other locations
the most reasonable model is one containing one-third isotropic
ice and two-thirds anisotropic ice with I = 20°. The correspond-
ing average vertical P-wave velocity is 3,977 meters per second.

Subglacial geology at L)orne C. The results of ground-based and
airborne geophysical investigations undertaken from 1978 to
1982 in the vicinity of Dome C have been combined to give an
indication of subglacial lithology. Seismic long-refraction shoot-
ing along two lines (grid north-south, grid east-west) directly
over the local subglacial plateau (Bentley et al. 1981) imply that it
is composed of crystalline bedrock with a velocity of 5.8 kilo-
meters per second covered by little or no low-velocity sediment.
Ground-based magnetic and gravity observations made along
the 10-by-10 kilometer grid centered on the station have been
modeled in three dimensions using a digitized bottom topogra-
phy based on both airborne and ground radar. A bedrock densi-
ty of 2.7 megagrams per cubic meter is indicated by the gravity
modeling and a very large apparent susceptibility of 0.011 elec-
tromagnetic units (centimeter/gram/second system) results
from the magnetic models. This can he explained by rocks with
a large natural renianent magnetization (Koenigsberger Q ratio
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greater than unity) roughly oriented in the direction of the
geomagnetic field. These velocity, density, and susceptibility
determinations imply that the subglacial rock is most likely
andesite or basalt and that this portion of the continent was
located at a high magnetic latitude when the rock was emplaced.

Retreat of ice streams in the Ross Sea emnbaimnent. Work has con-
tinued on a numerical model of a polar ice stream that is
grounded below sea level. The goal is to study the feed-back
influences of isostatic adjustment on grounding line retreat
during the Recent period of rising sea level. A model devised by
Thomas and Bentley (1978) for computation of grounding line
retreat on a rigid earth as a function of eustatic sea-level change,
was modified by adding the numerical solution of a two-dimen-
sional continuity equation to compute changes in the flowline
thickness profile associated with increments of grounding line
retreat. The elastic Green's functions computed by Farrell (1972)
were then used to compute the elastic-earth response to
changes in ice and water loading.

A Green's function approach was also adopted for computa-
tion of the viscous-earth response. The analytical solution in
wave-number space for displacement of the bottom surface of a
three-dimensional elastic plate (lithosphere) overlying a vis-
cous half-space (upper mantle) (Cathies 1975) was used and
inverted numerically to obtain space-time Green's functions
corresponding to a 1 kilogram point load. These Green's func-
tions were then used to compute the time-dependent viscous
response to past changes (as well as to the current change) in
the ice stream thickness profile. After each change in the posi-
tion of the grounding line, the instantaneous elastic response
was added to the viscous response to obtain the net isostatic
displacement of the sea floor.

More recently a version of the continuity equation taking into
account transverse variations in the width of the flow band has
been adopted for computation of changes in the ice stream
thickness profile. The Thomas and Bentley (1978) model for
computation of grounding line retreat has been replaced by
direct solution of the grounding line boundary equations. A

basal sliding relation of the kind determined experimentally by
Budd, Keage, and Blundy (1979) also has been incorporated in
the model, and the sliding relation has been scaled empirically
to the balance velocity and basal shear stress curves. The ap-
plication of this more-realistic flow band model to Recent retreat
of the ice stream has led to timing and maximum rates of retreat
that differ from earlier results.

This work was supported by National Science Foundation
grants DPP 81-19989, DPP 79-20736, and [)PP 78-20953.

This is contribution number 414 of the University of Wiscon-
sin-Madison, Geophysical and Polar Research Center.
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Liquid conductivity of a 44-meter firn
core, McMurdo Ice Shelf

JULIE M. PALAIS

Institute of Polar Studies
The Ohio State University
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R. DELMAS and M. BRIAT

Laboratoire tie Glactolo'u'
Grenoble, France

J. JOUZEL

CEN Saclay
Gif-sur-Yvette, France

During the 1978-1979 austral summer several firn cores were
drilled on the McMurdo ice shelf as part of a study of brine
infiltration (Kovacs and Cow 1975; Kovacs etal. 1982). To investi-
gate the potential for obtaining a volcanic record from Mount
Erebus in the area of Windless Bight, we undertook a study of
one of these cores as a pilot project to our current investigations
of tephra dispersal from Mount Erebus.

Windless Bight was thought to be an ideal site at which to
record eruptive events from Mount Erebus both because of its
proximity to the volcano and because it is an area of light winds.
However, in the course of this investigation, we discovered that
because the core was taken near Hut Point Peninsula, marine
impurities dominate the snow chemistry of the region and mask
any evidence of eruptions that one might hope to detect by
snow chemistry alone. Although a volcanic record from Mount
Erebus was not obtained from this core, a record of impurity
concentration variations at this site for the last 100 years has
been obtained. Furthermore, these measurements provide evi-
dence in support of a seasonal variation in marine impurities
linked perhaps to varying duration of open water and stormy
weather (Herron and Langway 1979; Warburton and Linkletter
1978).

Prior to sampling, the core was examined for any visible
stratigraphic features. In addition to many ice crusts and melt
layers, two dust layers were observed in the core. A diffuse dust
layer 10 centimeters thick was noted between 18.51-18.61
meters and a thinner, cloudy layer between 24.45-24.47 meters.
About 10 samples per year were taken from the upper 13 meters
of the core to establish whether seasonality could be detected in
the parameters being measured. The rest of the core (down to 44
meters) was sampled at intervals of about four per year except at
depths around 34.5 meters and 40 meters where detailed sam-
pling was performed.

Continuous profiles of liquid conductivity and deuterium
down to 44 meters were obtained for this core. A few samples
were also measured for sulfate and nitrate (by ion chromatogra-
phy) and sodium (by flameless atomic absorption). The figure is
a profile of the liquid conductivity and deuterium con-
centrations in the upper 13 meters of the core. The deuterium
profile was used to estimate yearly intervals of accumulation,
because it clearly exhibits regular seasonal fluctuations

throughout the first 13 meters. The conductivity profile con-
tains many sharp peaks which seem to correlate with the deu-
terium profile. The seasonal fluctuations were apparently pres-
ent throughout the core, as was determined by examining
selected deep sections which were sampled at intervals of 10 per
year. The sharpness of the conductivity peaks as compared to
the smoothness of the deuterium variations is consistent with
findings of Herron and Langway (1979) who observed sharp
sodium peaks and more sinusoidal oxygen isotope peaks in the
cores they studied. The similarity of the conductivity profile to
that of sodium suggests that the conductivity profile might be
interpreted as evidence of seasonal influxes of marine im-
purities during periods of open water and intensified cyclonic
storms. Detailed examination of some of the conductivity peaks
shows that they are actually associated with high concentrations
of sodium and sulfate. In some cases, sulfate is in excess of
stoichiometric sodium sulfate. Some of this excess sulfate could
be of volcanic origin (i.e., a local background) or may be derived
from marine biogenic sources.

Preliminary observations of the dust layer at 18.51-18.61
meters suggest that it is primarily windblown dust and
weathered fragments from locally exposed bedrock. Glass
shards are present although not abundant in this layer. The
origin of the 2-centimeter-thick layer at 24.45-24.47 meters is a
little more speculative although it too is probably local wind-
blown material.

The suggestion that there is a seasonality in the conductivity
and deuterium peaks permits an estimation of the accumulation
rate, using the spacing between adjacent peaks and the density
profile. The accumulation rate (b) and standard deviation (o•)
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estimated from 32 ± years (1945-1977) of seasonal deuterium
peaks (b = 19.8 centimeters of water per year, (T 5.9) and the
accumulation rate estimated from the conductivity peaks (b =
18.8 centimeters of water per year, a = 5.9) are in good agree-
ment. These are also consistent with measurements made by
Stuart and Bull (1963) from a pit on the McMurdo ice shelf (b =
18.5 centimeters of water per year, (T	3.4) for the period
1948-1958.

The results of this study are significant in terms of under-
standing polar ice chemistry. We conclude that in coastal sites,
such as the McMurdo ice shelf location, conductivity variations
can be interpreted as seasonal variations of marine salts and can
be used to date cores and to estimate accumulation rates. The
origin of substantial excess sulfate at this site is as yet unclear.

Studies of tephra dispersal around Mount Erebus were begun
during the 1982-1983 field season. Shallow firn cores and snow
samples were taken around the volcano for studies of grain size
distribution and ice chemistry. The purpose of this research is to
establish a model for fine-grained tephra dispersal about an
active volcano and to select a site where deeper coring in the
future could provide an interpretable record of eruptive activity
for Mount Erebus.

This core was made available by Tony Cow of the U.S. Army
Cold Regions Research and Engineering Laboratory. Measure-

ments of deuterium were provided by Jean Jouzel of the CEN

Saclay, France. Sodium measurements were performed by Mar-
tine Briat, Laboratoire de Glaciologie, Grenoble, France. Anal-
yses of liquid conductivity, sulfate and nitrate were performed
by Palais at the Laboratoire de Glaciologie, Grenoble. This work
was funded by the Institute of Polar Studies, Ohio State
University.
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Ross Ice Shelf oxygen isotope profile
at J-9

PIETER M. GROOTES and MINZE STUIVER

Quaternary Isotope Laboratory AK-60
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Seattle, Washington 98195

A 16-meter-long, 8-centimeter-diameter core through the
Ross Ice Shelf at J-9 (82°22'S 168°40'W) was obtained in the
1978-1979 field season by the Soviet Antarctic Expedition and
the United States Antarctic Research Program (Zotikov,
Zagorodnov, and Raikovsky 1979a). Preliminary results of oxy-
gen isotope analysis were reported by Grootes and Stuiver
(1982). The oxygen isotopic composition (6 80) of the ice has
now been measured for the complete core and an additional
progress report is given here.

The figure shows 6180 for 52 1-meter core sections, 47 cut in
1981 and 5 in July 1982. The 1-meter core sections were sampled
in detail (0.5- to 2.5-centimeter intervals) to study short-term
variability in 6180. An average value for the 6 1 0 of each section
is used in the figure. The individual 1-meter averages show a
considerable scatter—±2 parts per thousand (%c)—around the
long-term trend, especially in the upper part of the core. This
has to be attributed entirely to the variability in the 80 of the
ice because the uncertainty of sample preparation and mass-
spectrometric measurement is less than 0. 1%c. Below 100-meter
depth cyclic short-term variations in 6 1 0 of up to 13%c over 10

centimeters occur in the ice (Grootes and Stuiver 1982). The
average value obtained for a section may be significantly influ-
enced when an incomplete cycle is included. An upper limit for
this type of error is suggested by Morgan (1982) who estimates
the error in 6 as being smaller than or equal to the spread in 6
divided by twice the number of maxima and minima sampled.
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Oxygen isotopic composition ( 8 180) [expressed as relative deviation
from the International Atomic Energy Agency, Vienna Standard
Mean Ocean Water (v-sMow), in parts per thousand—%0] of Ross Ice
Shelf ice at J-9 as a function of depth (measured in meters). Data
points each represent the average of a large number of samples
from a 1-meter core section. Error bars give an estimate of the
uncertainty based on the spread of h values observed in the section
and the number of cycles included in it.
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The error bars in the figure are based on this estimate. The
standard error in the mean, obtained by treating the results as
random fluctuations around the mean, is generally about the
same. It is significantly smaller if only a few cycles are included
in the 1-meter section.

If we consider only long-term trends, three (and possibly
four) regions of differing 6 1 0 trends can be seen in the figure
(see table). The decrease in 6180 with increasing depth between
35- and 274-meter depth can be treated as uniform ( 6 180 =
- 0.033 d - 26.53%c, where d is depth in meters). There seems to
be, however, an off-set plus a change in trend around 150-meter
depth and we will treat this interval as two separate sections in
the preliminary discussion of the 6180 profile given below.

Isotope regimes of the J-9 core

	

Depth 	alBob	Precipitation area	Time

	

35-150	—28.5 to —30.5 Ross Ice Shelf	Halocened
Ice Stream B

	

150-274	—31 to —36	Ice Stream B	Holocene 
Catchment

	

274-281	—36 to —43	Ice Stream B	Interglacial/glacial
Catchment	transition

	

281-410	Range	Ice Stream B	Last glacial
—40 to —43	Catchment

410-416'	Data not	Sea ice, bottom	Recent'
available	freezing

a In meters
b In parts per thousand (%).
C Sampled and described by Zotikov, Zagorodnov, and Raikovsky, 1979b.
"Holocene" refers to last 12,000 years and "Recent" refers to present,
to less than 1,000 years.

The first section down to about 150-meter depth consists of
snow that fell at or below the 500-meter contour on Ice Stream B
and on the Ross Ice Shelf. The gradual depletion of 6180 with
depth from a 60 of about - 28.5% to - 30.5% agrees with the
change in the mean isotopic composition of the upper firn when
going upstream along the J-9 flow line (Thomas and MacAyeal
1982) from - 29%c near J-9 to - 30%c near the outflow of Ice
Stream B (Clausen et al. 1979). Thomas and MacAyeal (1982)
calculated a depth of about 80 meters at J-9 for snow that fell on
the ice shelf near the grounding line and estimated between
125-meter and 155-meter depth for snow from the 500-meter
altitude contour. Herron and Langway (1979) place the glacio-
chemical transition between inland ice and shelf ice, which is
expected to occur near the 500-meter contour, at a depth of
about 130 meters at J-9 based on their measured sodium con-
centrations. They estimate an age of about 1,100 years for this
ice. The change in the trend of 6180 with depth which occurs
around 150-meter depth in the figure therefore probably re-
flects the transition from snow that fell in the catchment area of
Ice Stream B above the 500-meter contour to snow that fell on Ice
Stream B and the Ross Ice Shelf below that altitude.

The ice of the second section originates from the catchment
area of Ice Stream B which extends from the 500-meter contour
up to the Ohio Range and the Whitmore Mountains (over 2,100
meters) (Rose 1979). Morgan (1982) shows a mean annual sur-
face 6180 contour of —40% extending from East Antarctica to

the Whitmore Mountains and a 6180 of — 39.2%c for this area.
The isotopic composition of the snow in the catchment area can
therefore well account for the decrease in 6180 from - 31% to
—36%.

The very rapid change in 6180 from about - 36%c to - 43%o
exceeds currently observed 6 values in the catchment area and
most likely reflects the transition between the present inter-
glacial and the last glacial period. Its magnitude of 71/c is identi-
cal to the isotopic shift observed in the Byrd core (Johnsen et al.
1972) and somewhat larger than the 5%o and 5.4%c observed,
respectively, at Vostok (Barkov et al. 1977) and Dome C (Lorius
et al. 1979). The age interval represented by the 7 meters of
transitional ice is unknown but is probably restricted to less
than a thousand years if comparable to the Greenland transition
(Dye-3 and Camp Century Dansgaard et al. 1982).

The ice below 280-meter depth, down to the sea ice at 410
meters, shows strongly negative 6180 values like those reported
for the west Antarctic ice sheet at Byrd Station during the last
glacial (Johnsen et al. 1972). The 3%c 6180 variations may reflect
climatic fluctuations. Microparticle analysis on the same sec-
tions shows high concentrations (up to ten times those in the
upper 270 meters of core) for four sections from 292- to 340-
meter depth (Mosley-Thompson and Thompson 1982). A layer
of ice with high particle concentrations just below the transition
from the last glacial to the present interglacial has been reported
for the cores at Byrd Station, Dome C, and Camp Century
(Thompson and Mosley-Thompson 1981). This lends support
to our assignment of the change in section 3 to the glacial/
interglacial transition.

The J-9 ice core thus appears to span the present interglacial
as well as a segment of the last glacial and provides a data base
for the southern, inland part of the west antarctic ice sheet over
this period.

This work was supported by the National Science Foundation
Grant DPP 80-19756. The assistance of the staff of the Ice Core
Storage Facility of the State University of New York at Buffalo in
sampling the core is gratefully acknowledged. Part of the sam-
ple material was obtained via L. C. Thompson, Ohio State
University, who sampled J-9 for microparticle studies.
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Detailed studies of tephra layers in the
Byrd Station ice core: Preliminary

results and interpretation
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Since its retrieval in 1968, the Byrd Station ice core has been
the subject of a wide variety of scientific investigations (e.g.,
Cragin et al. 1974; Cow and Williamson 1971; Johnsen et al. 1972;
Kyle and Jezek 1978; Thompson 1977). Of particular interest is
the presence of 25 ash and 2,000 dust layers of volcanic origin
believed to be derived from sources in Antarctica (Kyle and
Jezek 1978).

To date, most of the studies have concentrated on the ash
layers presumably because the larger particles and greater
abundance of material facilitate analysis. In this paper, we re-
port on some new analyses of ice chemistry and on the com-
position and morphology of particles of some of the dust layers.
New data on several of the ash layers are also presented.

The samples examined in this study were taken from sections
in which dust bands exist as well as from dust-free ice. Each
sample, representing about one year of accumulation, was
cleaned and melted using techniques described by Langway,
Herron, and Cragin (1974).

Measurements of acidity, conductivity, sulfate, nitrate, so-
dium, and aluminum were performed. Most core sections have
fairly complete acidity and conductivity profiles while the other
parameters were only measured on selected samples. Acidity

and conductivity measurements are well correlated for samples
in which there are no dust layers. When dust is present in a
sample of ice, the correlation is less clear. Many dust-bearing
samples have very low acidities or may even be alkaline, proba-
bly because of hydrolysis of silicate material which tends to
neutralize the acidity of the ice samples. Such reactions, while
affecting the acidity, may leave the conductivity relatively un-
changed because of the liberation of other ions in the hydrolysis
reaction. Sulfate peaks generally correlate with high levels of
acidity but also occur in sections where there are no elevated
levels of acidity, especially in dust-bearing sections of the core.
Likewise, sodium and especially aluminum are elevated in as-
sociation with dust layers. Nitrate measurements show no ob-
vious relationship to the dust layers. Finally, 31 excess sulfate
values were calculated for ice samples with and without dust.
This calculation takes into account the sodium contributed from
dust in the sample and the sulfate derived from seawater and
refers to the sulfate which occurs in excess of stoichiometric
sodium sulfate derived from seawater. Values range from -0.05
to 9.03 microequivalents/liter with most of the values in the
interval 0-2 microequivalents/liter. These results indicate that at
Byrd Station there is an important background component of
excess sulfate as well as a sporadic volcanic contribution associ -
ated with the dust layers.

Insoluble dust particles were recovered on filters to investi-
gate their morphology and composition. Samples from the 25
ash layers described by Cow and Williamson (1971) were also
examined. A small piece of each filter was mounted and carbon
coated for scanning electron microscope and energy dispersive
x-ray analysis work.

Preliminary studies of these samples indicate distinct dif-
ferences in size, morphology, and surface chemistry of the
particles from ash and dust layers. The ash layers are charac-
terized by fresh angular glass shards ranging in size from 5-50
micrometers with little or no surface alteration whereas the dust
samples contain aggregates up to 100 micrometers in diameter,
composed of smaller (1-2 micrometers) grains that are coated
with a surface alteration enriched in sulfur and chlorine (see
figure).

The high proportion of small particles (indicating a high de-
gree of fragmentation) and the presence of aggregates suggests
that the dust formed in volcanic eruptions under water or ice.
Subaqueous eruptions are known to produce aggregates of
small particles, called accretionary lapilli. The surface alteration
of the dust particles also favors the interaction with water.

We suggest on the basis of this information that the ash layers
were formed during normal subaerial eruptive activity while
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the dust layers were formed in subglacial volcanic eruptions.
According to Raynaud and Whillans (1982), the ice at Byrd
Station was some 200-250 meters thinner at the height of the
Wisconsin glaciation than it is at present. At the end of the
glaciation the ice began thickening, perhaps in response to
atmospheric warming and because of the ability of air masses to
carry more moisture. The increase in ice thickness may have
been sufficient to submerge Mount Takahe, which is the proba-
ble cause of the ash and dust layers (Kyle and Jezek 1978),
causing it to erupt through a covering layer of ice. We suggest
that the study of dust and ash layers in ice cores may provide
information on thickness changes and thus the stability of the
west antarctic ice sheet.

The samples examined in this study were obtained at the ice
core laboratory, State University of New York-Buffalo. Filters
containing samples of ash were provided by Tony Gow. Ice
chemistry work was performed at the Laboratoire de Glaciologie
in Grenoble, France. The scanning electron microscope work
was performed at the Los Alamos National Laboratory. This
work is being funded by National Science Foundation grant DPP
80-21402.

I _# I
(A) 2070X.1436 m. Enlargement of fresh vesicular glass shard (70
micrometers long) from ash band. Note bubble walls and adhering
particles. (B) 1360S.1564.18 m. Aggregates (65 micrometers long) of
1-2 micrometers particles. These particles are typical of the dust
bands.
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Radioactive dating of Byrd core and
Allan Hills ice

E. L. FIREMAN

Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

Antarctic ice is a storehouse of information on the history of
the Earth's atmosphere and climate. This information store-
house is made more valuable by dating the ice. The best dated
ice in Antarctica is the 2,200-meter Byrd core in which a change
in the 180/160 ratios due to the end of the last glaciation, about
13,000 years ago, occurs at 1,100-meter depth (Epstein, Sharp,
and Cow 1970). At shallower depths the age of the core is
estimated fairly accurately; however, near the bottom of the core
the age estimates range from 30,000 to 100,000 years (Johnsen et
al. 1972). The age of ice in ablation regions, such as the Allan
Hills meteorite collection site, is unknown. Because meteorites
with terrestrial ages ranging from 11,000 to 700,000 years have
been collected at the Allan Hills site (Fireman 1980; Nishiizumi
and Arnold 1980), some of the ice at this site may be very old.

We are applying two radioactive dating methods to Byrd core
and Allan Hills ice. The first method is based on the carbon-14
(half-life = 5,730 years) in the carbon dioxide (CO,) extracted
from the ice (Fireman and Norris 1980, 1982). The carbon-14 was
measured by counting the CO2 in low-level proportional mini-
counters. In collaboration with accelerator mass-spectrometry
groups at Bern and at the University of Arizona, we are attempt-
ing to improve and extend these carbon-14 dates. The second
method is based on members of the uranium decay chain in
dusty ice. Our study of this method arose from our effort to
trace the source of radon-222 in some of our extracted CO2
samples.

Our carbon-14 dates for Byrd core samples from 271-, 362-,
and 107-meter depths are (2.2 ± 1.0) x 10, (3.2 ± 0.8) X 10,
and >8.9 x 103 years, respectively, in accordance with the
glaciological estimates. With accelerator mass-spectrometry we
hope to improve the accuracy of these carbon-14 dates and
extend them to at least 15 x 103 years. Our carbon-14 dates for
Allan Hills samples varied with the location and depth of the
sample. The oldest carbon-14 age, >10.5 x 10 1 years, was for
subsurface (5- to 35-centimeter depth) ice from the cul de sac
(76°45'S 159°35E) region of Allan Hills. Subsurface ice from
other Allan Hills regions gave ages about 6 x 103 years. A map
of the Allan Hills site with the carbon-14 ages for these regions
has been published (Fireman and Norris 1982).

In our carbon-14 studies we found variable amounts of
radon-222 (t12 = 3.8 day) in the CO 2 (Fireman and Norris 1980).
The amount of radon-222 activity correlated with the amount of
dust in the filtered melt. Radon-222 is the daughter of radi-
um-226(t  2 = 1602 years), which is the daughter of thorium-230
(t2 = 75,000 years), which is the daughter of uranium-234 (t 1 2

= 250,000 years) in the uranium-238 decay chain. If radi-
um-226, thorium-230, and uranium-234 in ice result from their
ejection from fine dust grains during a decay, then the radi-
um-226/thorium-238 and the thorium-230/uranium-234 ratios
give ages (dust incorporation time) for the ice. The two ages are
identical if the members of the uranium-238 chain in the dust

are in equilibrium and no dust has dissolved into the ice during
melting.

During the 1982-1983 field season, W. A. Cassidy collected
cul de sac ice, which should be good for uranium series dating.
This sample of 20-kilogram weight contained three visible dust
bands composed of fine volcanic glass shards. From such fine
shards a significant fraction of the members of the uranium
decay chain should recoil into the ice during ct decay. We have
done radon-222 and thorium-230 measurements and are pro-
gressing with uranium-234 and uranium-238 measurements on
a very dusty 0.8-kilogram ice sample from 1.25 meters above
the bottom of Byrd core. The near bottom Byrd sample contains
fine clay and larger particles incorporated from the ground
surface upstream. The members of the uranium decay chain are
essentially in equilibrium in the volcanic glass but not in the
clay. The cul de sac ice with volcanic glass contains no dissolved
material; the near bottom Byrd core ice contains a great deal of
dissolved material.

Our procedure for uranium series dating is: (1) We rapidly
filter the melted ice under controlled conditions (pH 1.0). The
rapid filtration with a pH of 1.0 essentially eliminates the pos-
sibility of adsorption on and desorption from the dust particles.
(2) We then extract and measure the radon-222 from the filtered
melt water by a series of helium purges with an argon carrier.
This determines the radium-226 dissolved in the ice. (3) We
then extract the thorium and the uranium from the purged
filtered melt water by solvent extractions and a-count the sepa-
rated thorium and uranium with a surface barrier a
spectrometer.

There were 20 decays per minute of radium-226 in the filtered
melt of the 0.8-kilogram near bottom Byrd sample. There were
thorium-230 and members of the thorium-232 decay chain in
the thorium fraction. The radium-226/thorium-230 activity ratio
was approximately 3.5, which gives an uncorrected radium-226/
thorium-230 recoil age of —40 x 10 1 years; however, this age
must be corrected for the dissolved components and the dis-
equilibrium in the dust. The required correction factors are
being determined.

This research was supported in part by National Science
Foundation grant DPP 82-17831.
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Ice mass fluctuations in northern
Victoria Land

PAUL A. MAYEWSKI

Department of Earth Sciences
University of New Hampshire

Durham, New Hampshire 03824

Rennick Glacier is one of the major ice drainages for the
northern Victoria Land sector of East Antarctica. Unlike glaciers
farther south along the Transantarctic Mountains, Rennick
Glacier does not drain into the Ross Ice Shelf but flows directly
into a seasonally ice-covered ocean. Therefore, current fluctua-
tions of this glacier are unhampered by the dampening effects of
the Ross Ice Shelf. The primary controls on the activity of this
glacier and others in this region are mass balance and sea level.

Two major glacial events are recorded in the upper Rennick
Glacier region (Mayewski, Attig, and Drewry 1979). The loca-
tion of erratics and glacially scoured features suggests that dur-
ing the oldest, or Evans, glaciation ice covered all but the high-
est peaks in the region. Following this glaciation a re-advance
produced the Rennick glaciation. Drift produced during Ren-
nick glaciation has a surface cover of unweathered clasts and is
commonly found in the form of recessional moraines with asso-
ciated ice-marginal lakes. Rennick Glacier is currently in a reces-
sional phase of the Rennick glaciation, characterized by physical
re-adjustments of local ice masses (Cameron and Goldthwait
1961; Mayewski and Attig 1978) including progressive inland
migration of the Rennick Glacier grounding line. To date the
grounding line has migrated up to the midpoint of the glacier.

During the 1980-1981 and 1981-1982 austral summer field
seasons investigations were conducted to document and under-
stand the physically and/or climatically induced changes
characteristic of the retreat phase of the Rennick glaciation.
Studies used to document the retreat phase included: (1) glacial
geologic mapping; (2) monitoring of velocity, strain, and abla-
tion on Rennick Glacier and two alpine glaciers close to the
grounding line of Rennick Glacier; (3) radio-echo sounding at
selected sites throughout the region; and (4) recovery of several
shallow ice cores for glaciochemical analyses (sulfate, nitrate
plus nitrite, reactive iron, reactive silicate, sodium, chloride,
and tritium). A brief summary of the results to date follows.

Mapping of glacio-depositional and glacio-erosional features
reveals that relatively extensive areas of wet-based ice charac-
terize the Rennick Glacier region and that they have in the
recent past. The fact that this ice is relatively temperate by
comparison with most ice in East Antarctica is also indicated by
ablation values of about 20 grams per square centimeter per year
for both the lower Rennick Glacier and nearby alpine glaciers.
Velocities of about 160 meters per year and about 30 meters per
year characterize Rennick Glacier close to its grounding line and
at nearby alpine glaciers, respectively. Strain rates measured at
velocity monitoring sites are approximately 0.001 per year. A
radio-echo sounding profile along the lower Rennick Glacier
(Mayewski, Attig, and Drewry 1979) has been extended up one
of the tributary glaciers feeding Rennick Glacier and up into the
Evans Névé, one of the major sources of ice for Rennick Glacier.
Ice thicknesses computed from the radio-echo sounding stud-
ies portray relatively thin ice, less than 100 meters, for the sites
measured in Evans Névé. Therefore, ice flow out of this ac-
cumulation basin is minimal and Rennick Glacier may experi -
ence continued inland retreat of its grounding line due to reduc-
tions in ice flow to this site. In the future, as bedrock topogra-
phy exerts its control on the flow of ice in Evans Névé, this
situation will worsen. Finally, glaciochemical studies which are
still being analyzed point to a 2- to 3-times greater net mass
balance in the lower Rennick Glacier area versus that in the
Evans Névé. Source determination for the chemical species
examined in the cores are being used to plot pathways taken by
the precipitate entering the core sites.

Members of the 1981-1982 field program were: Paul A.
Mayewski (leader), Wm. Berry Lyons, Boyd Allen III, and Peter
Feuerbach. We are grateful for the support provided by the
LC-130 and helicopter crews of VXE-6 and the staff at the north-
ern Victoria Land camp. This research was supported by Na-
tional Science Foundation grant DPI' 80-19982.
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A 237-meter ice core from South Pole
Station

KARL C. KUIvINEN

Polar Ice Coring Office
University of Nebraska-Lincoln
Lincoln, Nebraska 68588-0200

The Polar Ice Coring Office (Pico) used its new intermediate-
depth drill system to collect a 237-meter ice core at Amundsen-
Scott South Pole Station during November—December 1982. The
core was collected for analysis of microparticle concentrations
by the Institute of Polar Studies, Ohio State University (Mosley-
Thompson, Kruss, and Bain, Antarctic Journal, this issue) of
oxygen isotopes by the Quaternary Research Institute, Univer-
sity of Washington, and for carbon dioxide, beryllium-b, chlo-
rine-36, and acidity by the Physics Institute, University of Bern,
Switzerland (Stauffer and Schwander, Antarctic Journal, this is-
sue). The core was split longitudinally, sampled, and packaged
for retrograde to the respective investigators' laboratories in a
subsurface science trench excavated adjacent to the drill
platform.

The Pico intermediate drill is an electromechanical drilling
system designed for continuous coring in firn and ice to a
maximum depth of 600 meters in an open hole (Litwak, Ker-
sten, and Kuivinen in press). The drill collects a 10.2-centimeter
diameter core in runs of 70-150-centimeter length. A new cut-
ting head includes three bits and core-catching dogs. The sur-
face components are mounted on a platform and include: a
Lebus winch with grooved drum containing 700 meters of
seven-conductor cable, a dual tower device, a 2.5-kilowatt
motor for high-speed raising and lowering of the drill, a 1.25-
kilowatt motor for control of penetration and core break, and a
control panel. The winch platform, the operators, and a work

Figure 1. Winch platform including winch drum, tower assembly,
and control panel inside the canvas-covered drill shelter at South
Pole Station, December 1982.

station are housed inside a modified Hansen WeatherPort shel-
ter (figure 1). A 30-kilowatt, 208-volt alternating-current turbo-
charged diesel generator powers the winch and drill. The total
weight of the drill system including winch platform, drills,
generator, and shelter is 6,600 kilograms.

The downhole portion of the drill was designed and built at
rico in 1979 and was used in conjunction with other winch
systems during the 1979-1980 and 1980-1981 seasons at South
Pole Station to a maximum depth of 108 meters. The winch
platform was designed and assembled at PICO during 1981-1982
and was used with the downhole component of the rico drill
during 1982 at South Pole Station to a depth of 237 meters.

The 1982-1983 antarctic field season provided the first oppor-
tunity to use the complete r'ico intermediate drill system in a
field situation. PICO staff members B. Koci, K. Kuivinen, and J.
Litwak were in Antarctica from 9 November to 20 December
1982.

Drilling took place in the center of the taxiway oval at South
Pole Station. The drill platform and shelter were set up on a
wooden platform after drifted snow and the past two years'
accumulation were removed from its surface. A core processing
and science trench (3 meters deep by 3.5 meters wide by 14
meters long) was excavated parallel to the drill shelter, roofed
with timbers and plywood, and a stairway and tunnel were
constructed to connect the drill platform with the science
trench. Two vans were positioned adjacent to the drilling plat-
form; one served as a workshop and break room and the other
as a laboratory for the preparation and examinatioti of ice core
thin sections.

Drilling started at a depth of 108 meters in a hole drilled by
Pico in 1980-1981 (Kuivinen 1981). A direct-current drill motor
was used throughout the drilling operation. Bits with a 780
cutting angle were used first at 108 meters. These produced
very fine chips which packed around the core inside the inner
barrel and caused the core to be twisted off at the base before
completing a run. Attempts were made to remedy the problem
by reducing the clearance between the core and inner barrel
wall, increasing the cutting angle of the bits to 55°, and sharpen-
ing the cutters, but the problem persisted.

Cutters with a 78° angle from horizontal and no adjustments
for penetration eventually produced good core in 70-centimeter
runs with penetration rates of 0.5 centimeters per second to a
depth of 215 meters. Thereafter, core quality deteriorated, with
frequent cracks and wafering occurring and with the length of
runs reduced to 30 centimeters or less. Unsuccessful attempts
were made to drill using a new head and bit configuratiiln
designed and built at the University of Bern. Problems encoun-
tered with this head were (1) penetration was limited to 10
centimeters per run due to chips packing behind the cutters and
(2) packing around the core dogs resulted in failure to catch the
core. Drilling was finally stopped at a depth of 237 meters.

In summary, the new winch and crill system worked well; we
experienced no mechanical failures and only one electrical
problem with the load-cell readout which was later bypassed.
The tower system took 6 workhours to assemble, yet was erec-
ted easily, and provided a stable tower throughout the 1-month
drilling season. The drill shelter with its 6-section canvas cover
and Velcro tie-down straps was easily erected in 8 workhours
and provided a satisfactory windbreak throughout the field
season. The drill head and bit designs will be revised to include
self-stabilizing bits which should result in improved core
quality, penetration rate, and run length in the system's next
field application.
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Figure 2. Solar-powered drill at South Pole Station 1982.

PICO lightweight coring augers (Koci in press) were used by
other investigators at the South Pole, on Mount Erebus, and in

the Allan Hills region to collect more than 100 meters of firn and
ice core for later analysis.

Tests of a solar-powered version of the auger were conducted
at South Pole Station (figure 2). Solar panel performance was 20
percent above the rated power output, exceeding results from
Greenland during July 1982, due to the lower ambient tem-
peratures and higher altitude at the Pole. We found that 300
watts of power from the solar panels was sufficient to produce
penetration rates of the same order as with the elec-
tromechanical drills.
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Core processing and analyses of ice
cores drilled at the South Pole

BERNHARD STAUFFER and JAKOB SCHWANDER

University of Bern
Bern, Switzerland

Analyses of ice cores provide unique information on the
history of the Earth and the planetary system. This information
helps in the understanding of climatic mechanisms. Our labora-
tory had the opportunity to take part in a joint core drilling and
core analysis project at the South Pole. Our main scientific goals
in this project were:

• To reconstruct the history of the atmospheric carbon dioxide
(CO2) concentration by analyzing air extracted from ice sam-
ples from different depths and, therefore, different ages.

• To reconstruct the history of solar activity by measuring the
beryllium-10 and chlorine-36 concentration in ice samples.
Both isotopes are produced by cosmic radiation in the
atmosphere.

• To measure the acidity of ice cores as a function of depth,
which gives, for example, information concerning the vol-
canic activity in the past.

Ice cores from the South Pole are especially well suited for the
CO2 analyses. Because of the low temperature there is no dan-
ger of any interaction of CO2 with the liquid phase. Three
members of our laboratory (W. Bernhard, J . Schwander, and B.
Stauffer) were in Antarctica from 9 November to 27 December
1982 to collaborate in the processing of ice cores at the South
Pole. During the season, ice cores of a total length of 103 meters
drilled in 1980-1981 and 120 meters (from a depth of 106 to 227
meters below surface) drilled in 1982-1983 were processed. The
drilling site was 250 meters from South Pole Station.

To set up a processing line, a trench 3 meters deep, 3.5 meters
wide, and 14 meters long was excavated next to the drilling site.
The core processing procedure is shown schematically in figure
1. The visual stratigraphy (breaks, meltlayers, varying optical
transparency) were recorded on graph paper and also with a
video camera on tape. The video recordings are very useful later
to select samples for special analyses. Breaks and melt layers are
visible in the video recordings and, with improved illumination
and recording techniques, it should be possible in the future to
see finer details as well.

The acidity measurements can be performed in the field, and
they were therefore included in the core processing. To perform
these measurements, two electrodes were moved with a con-
stant velocity over the flat and clean surface of the ice core. For a
voltage of 1,000 volts between the electrodes, the current
through the ice was about 2 to 4 microamperes (ii.A), depending
on the acidity in the ice (Hammer 1980). The acidity in the ice
shows the following characteristic features:
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Figure 1. Principle of procedure of core processing. Core processing was done in collaboration with the Polar Ice Coring Office from the
University of Nebraska-Lincoln, Ohio State University at Columbus, and Washington State University at Seattle.

• It is higher at the beginning of a long-lasting snow fall (Ham-
mer 1982).

• It is higher in summer than in winter precipitation.
• It is higher after volcanic eruptions.

The signal of seasonal variations seems to be small at the
South Pole. Sometimes the layers of individual precipitations
and possibly also the layers from different seasons are mixed
after deposition due to wind interaction. The signals from large
volcanic eruptions however are clearly visible as shown in fig-
ure 2. The electrical conductivity signals were recorded with an
X-Y plotter on graph paper and also in frequency modulated
(FM) form on magnetic tape. Part of the core processing line in
the trench at the South Pole is shown in figure 3.

The gas analyses and the radio-isotope concentration mea-
surements must be done in the laboratory. Ice cores collected
during the last season just arrived in our laboratory, so no—	1anit)ori	181 1)) (

(u q U I na (1 35)

4i 11(4111	(1

1(1	 1	 /4	 /1)	 [in]
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Figure 2. Electrical signal measured on ice cores from the South
Pole. The three main peaks are probably caused by acid fallout
originating from volcanic eruptions, which are probably those of the
volcanoes Tambora (80S 11 80E), Coseguina (1 30N 87.50W), and Arma-
gora (180S 1740W). The years of the eruptions are indicated in
parentheses.

results can be reported yet. The CO 2 analyses of ice cores from
the South Pole drilled during the season 1981-1982 have shown
that a value of about 265 parts per million is estimated for the

Figure 3. Part of the processing line Installed in a trench at the
South Pole.

1983 REVIEW	 115



preindustrial atmospheric CO 2 concentration. This value is low
but within the limits estimated by other methods. Additional
measurements on south polar ice cores should help to confirm
this value and show if there were any natural variations in the
atmospheric CO2 concentration during the last millenias. The
knowledge of the history of the atmospheric CO 2 concentration
is important to predict the rate of the anthropogenically caused
CO 2 increase in the future and its consequences.

We thank the principal investigator of the project, H.
Oeschger, our colleague W. Bernhard, and all our colleagues
with whom we had the pleasure of collaborating in the field.
The field operation and the preparation for it was supported by
the National Science Foundation grant DPP 82-10926 to H.
Oeschger. The laboratory work is mainly supported by the

Swiss National Science Foundation and the U.S. Department of
Energy.
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South Pole pit stratigraphic studies

ELLEN MOSLEY-THOMPSON, P. D. KRUSS, and T. BAIN

Institute of Polar Studies
The Ohio State University

Columbus, Ohio 43210

This investigation of the snow stratigraphy in four South Pole
pits was initiated as an essential complement to the analysis of
the ice cores drilled at the South Pole. The analysis of ice cores
from Antarctica and Greenland have provided information
about the past history of the climate system, particularly the
characteristics of the atmosphere. The excellent temporal reso-
lution (years or decades) available from ice-core records makes
them ideal for the investigation of short-term variations within
the polar atmosphere.

Accurate interpretation of ice core stratigraphic records [e.g.,
microparticle concentrations, oxygen-18 isotope (6 180), sulph-
ate, nitrate, etc.] requires an understanding of (1) the physical
processes governing deposition, (2) the spatial and temporal
variability of the input signal (at the time of deposition), (3) post-
depositional modification of the input signal within the firn,
and (4) the spatial and temporal variability of the preserved
signal. The ultimate objective of the investigation described
below is to construct an empirical framework for the interpreta-
tion of South Pole ice cores.

During November and December 1982, four pits were exca-
vated at Amundsen-Scott South Pole Station. The primary pit
(P1) was located 4 kilometers (see figure) from the station along
128° longitude downwind from, but in close proximity to, the
clean air facility. The pits were excavated by hand to ensure
clean vertical walls for the collection of snow samples. Pits 2 and
3 (P2 and P3) were positioned approximately 0.5 kilometers
from P1 and the pit walls were oriented either parallel and
perpendicular to the long axis of the sastrugi, indicative of the
recently prevailing wind direction. All pit walls were carefully
mapped in similar fashion to produce precision maps accurate
to within ± 0.01 meter. This accuracy was achieved by the

construction of a 0.1-meter grid covering the face of the wall.
This grid, composed of flat wooden pegs, was constructed
entirely with reference to a continuous, levelled datum string
placed just above the surface of the wall.

Pit 1, 2-meters wide and 3-meters long, was excavated to 3.2
meters and the entire surface area of the three walls (21 square
meters) was mapped. Pits 2 and 3 were excavated to 2.2 meters
and a 1-meter section of one wall in each pit was mapped as
described above. After mapping, a clean vertical face was ex-
posed for sample collection. The table summarizes the samples
collected from each pit.

The oxygen isotope samples were sent to the University of
Washington for 8180 analyses. The remaining samples were
returned to the Institute of Polar Studies.

The concentration and size distribution of the microparticles
(p) with diameters greater than or equal to 0.63 micrometers
within the samples will be measured in the class 100 clean room
at The Ohio State University using the Coulter counter tech-
nique (Thompson 1976). The total beta radioactivity (3) mea-
surements will be conducted either at The Ohio State University
or in Grenoble, France. The blocks of firn, 0.1 meter by 0.1
meter by 0.1 meter, were carefully removed from the pit walls to
investigate the spatial and temporal distribution of micro-
spherules suggested to be of extraterrestrial origin. Density
measurements were made with respect to stratigraphy and
duplicate sampling was performed in some cases.

In conjunction with each pit, a shallow core was extracted
using the iico lightweight hand auger (Kuivinen this issue).
The drilling proceeded from the snow surface with the drill site
located within 0.5 to 0.85 meter of the mapped wall. Cores of
13.3 meters, 13.1 meters, and 13.2 meters were drilled at P1, P2,
and P3, respectively. These cores will be analyzed for the same
parameters (p, 3, 6180) as the samples from the pit walls. When
the analyses are completed, the data will allow assessment of
the seasonal deposition and preservation of p. 6 and $3 within
the firn, their spatial variability on two scales (several meters
and hundreds of meters), and their temporal variability over the
past 12 years. The similarities and differences between records
of p, $3, and 6180 obtained from a pit wall and an associated firn
core will be assessed.

Accumulation lines I and III (see figure) consisting of 23 poles
were installed in November 1978 (Whillans personal communi-
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The three pits were located in a study area approximately 4 kilometers from South Pole Station along 128 0 longitude. Two accumulation lines
were measured: line I along 1300 longitude and line Ill along 178 0 longitude. The fourth pit (P4) was situated roughly 2 kilometers from P1 at
accumulation stake I-i. ("km" denotes kilometer.)

Summary of sample collection and measurements in three pits 4 kilometers Amundsen-Scott South Pole Station

Pit 1
Pit 2
	

Pit 3
Parameter	 Wall A	 Wall B	 Wall C

Depth (in meters)	 3	 3	 3	 2.2
	

2.2

Microparticle
samples (0.02 meter)	 146	 146	 146	 107

	
107

Beta samples
(0.02 meter)	 146	 146	 146	 NC°

	
NC

samples
(0.02 meter)	 NC	 NC	 146	 107

	
NC

Density
measurements
(0.06 meter) diameter	 39

	 NMb	 NM
	

19
	

19

0.1 x 0.1 x 0.1 meter
blocks for cosmic
spherules	 29

	
NC
	

NC
	

21
	

NC

a NC" denotes not collected.
b "NM" denotes not measured.
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cation). As part of this investigation these accumulation lines
were measured in December 1982, thus providing 4 years of
accumulation data. A fourth pit (P4) was excavated at accumula-
tion pole I-i roughly 2 kilometers from P1 (figure). Two 1-meter
walls of this 1.1-meter-deep pit were mapped in the same fash-
ion as P1, P2, and P3. The walls of P4 were mutually perpen-
dicular and stake I-i was located at the intersection of the walls.
Comparison of the mapped visual stratigraphy with the 4 years
of accumulation measured at the Pole indicates the formation of
a sequence of three mass loss layers (i.e., depth hoar layers, see
Gow 1965) between the fall of 1980 and the fall of 1981. These
sequences of mass loss or depth hoar layers with little or no
intervening finegrained homogeneous (winter) accumulation
have been interpreted as indicators of missing years. The infor-
mation from P4, as well as the other three pits, suggests that
more than one mass loss layer may form within an annual
accumulation unit..

A summary of the visual stratigraphic aspects of this inves-
tigation is in preparation (Mosley-Thompson, Kruss, and Bain
in preparation) and includes: (1) a description and interpreta-
tion of annual stratigraphic units, (2) assessment of the frequen-

cy of missing years in a vertical profile, (3) discussion of pro-
cesses leading of the formation of the stratigraphy, (4)
assessment of the station effect upon accumulation, and (5) a
summary of South Pole accumulation data.

This work was supported by grant DPP 80-18860 from the
National Science Foundation.
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South Pole ice core processing and
microparticle analysis

ELLEN M0sLEY-THOMPSON and LONNIE C. THOMPSON

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

The remote polar plateau of East Antarctica provides the best
opportunity to examine past variations in the concentration and
composition of atmospheric constituents. Glaciologists gener-
ally assume a direct correspondence between atmospheric con-
stituents and those preserved within the ice sheet (e.g., micro-
particle content, bulk chemistry, oxygen isotopic ratios). In
reality, such inferences must be made cautiously because the
complex relationship between aerosols and gases in the at-
mosphere and within the associated precipitation are poorly
quantified. Nevertheless, ice cores from Antarctica and Green-
land have provided a broad spectrum of information about the
global climate system, particularly the characteristics of the
atmosphere during the past.

The deeper ice cores, such as those from Camp Century and
Dye-3 in Greenland and Byrd Station and Dome Circe in Ant-
arctica, encompass many thousands of years and yet, in most
cases, only selected sections have been analyzed due to the time
and expense involved. Selected references describing the re-
sults from these ice cores include: Hammer, Clausen, and
Dansgaard 1981; Lorius et al. 1979; Neftel et al. 1982; Thompson
and Mosley-Thompson 1982. Although the resulting pal-
eoclimatic information is temporally discontinuous and time
scales are imprecise, the records are exceedingly valuable. For

example, the analysis of microparticles in four deep ice cores
(Mosley-Thompson and Thompson 1982a; Thompson and
Mosley-Thompson 1982) reveals a consistently recurring tem-
poral correlation between increased particle concentrations and
lower global temperatures over roughly the last 30 thousand
years.

Shallow and intermediate cores (less than 500 meters), when
analyzed in continuous fashion, provide information about
short-term (annual or decadal) variations in the properties of
the polar atmosphere. Short-term variations in the con-
centration of atmospheric particulates (diameters greater than
0.5 micrometers) are of particular interest because this material
contributes substantially to the aerosol optical depth, a critical
component of the Earth-atmosphere radiation balance.

To assess particulate concentrations over the last 1,000 years,
for which more detailed climatic data exist, a 101-meter core
drilled at the South Pole in 1974 was continuously analyzed for
microparticle concentrations (Mosley-Thompson and
Thompson 1982b). These data reveal a substantial increase in
total particle concentration between approximately 1450 and
1850 A.D., which encompasses the latest Neoglacial event, the
Little Ice Age. Additionally, a substantial number of the promi-
nent microparticle concentration peaks appear to be fairly well
temporally correlated with known volcanic events.

To investigate these relationships further another South Pole
ice core was extracted. Two scientific objectives of this project
were (1) to involve a group of investigators in the ice core
analysis so as to optimize the scientific return and (2) to investi-
gate the potential volcanic record using different, yet comple-
mentary, techniques. Therefore scientists from the Ohio State
University (osu), the University of Washington (uw) and the
University of Bern, in conjunction with the personnel of the
Polar Ice Coring Office (Pico), arrived at Amundsen-Scott South
Pole Station on 9 November 1982. A science trench (3 meters
deep; 3.5 meters wide; 14 meters long) was excavated beside the
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drilling platform (Kuivinen, Antarctic Journal, this issue). Equip-
ment for ice core processing and analyses was installed in the
science trench. Stauffer and Schwander (Antarctic Journal, this
issue) describe the core processing procedure and Kuivinen
(Antarctic Journal, this issue) describes the ice core drilling
operation.

The processed ice consisted of 103 meters drilled from the
surface in 1980-1981 and 120.7 meters drilled from 106 to 226.7
meters in 1982-1983. Each core section was cut longitudinally
into two halves. One-half was split into two quarter sections
which were packaged, identically marked, and returned to osu
and uw for microparticle and oxygen isotope analyses, respec-
tively. This procedure will allow more precise comparison of the
microparticle and oxygen isotopic measurements and will facili-
tate subsequent interpretation of the ice core record. Addi-
tionally, electrical conductivity measurements which reflect
acidity levels were conducted in the science trench. Stauffer and
Schwander (Antarctic Journal, this issue) report that, although
the signal of seasonal variations is small, the signals from large
volcanic eruptions are clearly visible. Comparison of the con-
ductivity profile with the microparticle concentration profile
will provide a better indication of the contribution of volcanic
activity to the enhanced particulate levels recorded at the South
Pole between 1450 and 1850 A.D.

We appreciate the National Science Foundation Division of
Polar Programs' sponsorship of this work by grant DPP

80-18860. We are grateful for the opportunity to collaborate
with our colleagues from the University of Washington, the
University of Bern, and the Polar Ice Coring Office.
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Satellite glaciology project

RICHARD S. WILLIAMS, JR., JANE C. FERRIGNO, and TONY K
MEUNIER

U.S. Geological Survey
Reston, Virginia 22092

During 1982-1983, the U.S. Geological Survey's satellite
glaciology project involved a number of diverse research
efforts, in which satellite remote sensing technology was used
to gain a better understanding of the antarctic ice sheet and
related phenomena. This article contains descriptions of five
research projects and a discussion of other antarctic-related
activities by the staff of the Satellite Glaciology Project.

Satellite Image Atlas of Glaciers. In 1978, a major project was
initiated by the U.S. Geological Survey to use Landsat images to
define more accurately the global extent of glaciers (Ferrigno
and Williams 1980; Williams and Ferrigno 1981). Approximately
50 U.S. and foreign scientists, representing 30 different organi-
zations, have been involved in the preparation of a U.S. Geo-
logical Survey Professional Paper, "Satellite Image Atlas of
Glaciers." Chapter 2, "Antarctica," by Charles W. M. Swithin-
bank, Head, Earth Sciences Division, British Antarctic Survey,
was completed during 1982 and is currently undergoing tech-
nical review before final preparation by the atlas editors,
Richard S. Williams, Jr., and Jane G. Ferrigno.

Index to and Table of Optimum Landsat Images of Antarctica.
Scheduled for completion during the summer of 1983, this
1:5,000,000-scale index map (one side) and table (opposite side)
will provide a quick and accurate reference to optimum Landsat
multispectral scanner (MSS) and return beam vidicon (RBv) im-
ages for each of the 2,470 Landsat nominal scene centers, which
encompass Antarctica from the coast to 81°S latitude (maximum
poleward coverage of Landsat) (Williams et al. 1982a). The index
map and table will be released initially in the "U.S. Geological
Survey Open-File Report" series and then published in the "I-
Map" series and as Plate 1 of the "Satellite Image Atlas of
Glaciers." Scientists from the Scott Polar Research Institute,
Cambridge, England; Institut für Angewandte Geodàsie,
Frankfurt-am-Main, Federal Republic of Germany; and the
Branch of Astrogeologic Studies, Flagstaff, Arizona, have all
made considerable use already of the manuscript copy of the
index map and table during visits to the U.S. Geological Survey.

Blue-ice, Meteorites, and Satellite Imagery in Antarctica. Richard
S. Williams, Jr., was invited to a National Aeronautics and Space
Administration/National Science Foundation sponsored "Work-
shop on Antarctic Glaciology and Meteorites" in April 1982 and
presented a paper on "Delineation of Blue-Ice Areas in Ant-
arctica from Satellite Imagery" (Williams, Meunier, and Ferrig-
no 1982b, 1983). Recommendations for improved recovery of
meteorites from Antarctica (figure 1) were also made at the
workshop (Williams 1982).

Tony K. Meunier participated in a 2-month field expedition to
the Allan Hills area and environs, Antarctica, as a team member
during the 1982-1983 meteorite search led by William A. Cas-
sidy, University of Pittsburgh. In addition to operating a Mag-
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Figure 1. Landsat 1 multlspectral scanner (Mss) band 7 (0.8 to 1.1
micrometer) image of the Queen Fabiola (Yamato) Mountains Area,
East Antarctica, showing extensive areas of blue ice around
nunataks (bedrock areas). Landsat image number 1538-05175 (path
157, row 111) was acquired on 2 January 1974. This and other
Landsat images of Antarctica are archived by the National Oceanic
and Atmospheric Administration (NOAA) at the Earth Resources
Observation Systems (EROS) Data Center, Sioux Falls, South Dako-
ta 57198.

navox Model 1502 satellite positioning system to identify the
correct geodetic location of meteorite finds, he used a Landsat
image to locate and navigate to blue-ice areas. The Magnavox
instrument was generously loaned to the project by John
Brewer of the Bureau of Land Management. All blue-ice areas
visited by the 1982-1983 team contained meteorites (113 total,
50 from the Thiel Mountains/Pecora Escarpment region and 63

from several locations in the drainage basin of the David Glacier,
Victoria Land). Based on field observations and evaluation of
Landsat images of Antarctica to about 81°S latitude and NOAA-6

and -7 advanced very high resolution radiometer (AVHRR) im-
ages of the area poleward of 81°S latitude, a 1:5,000,000-scale
thematic map delineating blue-ice areas in Antarctica could be
readily prepared (Williams 1982).

Satellite Radar Altimetry of the Amery Ice Shelf, East Antarctica.
An innovative experiment was completed using a Landsat im-
age mosaic of Antarctica as the map base for compilation of data
from another satellite sensor. One- and five-meter elevation
contours derived by Ronald L. Brooks (GeoScience Research
Corporation) from Seasat radar altimetry data were compiled on
a 1:500,000-scale Landsat image mosaic of the Amery Ice Shelf
and environs, East Antarctica (figure 2) (Brooks et al. 1982, in
press). The Amery Ice Shelf experiment reemphasized the fact

that satellite image maps can be effectively used as multi-pur-
pose base maps (Institut für Angewandte Geodäsie 1982), for
the compilation of various types of geological (Wolmarans and
Krynauw 1981), glaciological (Brooks et al. in press), and
geophysical data.

Coastal Maps of Antarctica. In association with Charles W. M.
Swithinbank of the British Antarctic Survey, preliminary work
has begun on the preparation of a set of 24 1:1,000,000-scale
planimetric maps of coastal areas, bedrock exposures
(nunataks), and blue-ice areas of Antarctica based on analysis of
1:500,000-scale Landsat images. Scientific Committee on Ant-
arctic Research (SCAR) standard symbols (or modification of
SCAR symbols where appropriate) will be used to depict the
nature of the continent's edge (bedrock, floating ice, grounded

Figure 2. Contours plotted on an uncontrolled Landsat multi-
spectral scanner (Mss) image mosaic of the Amery Ice Shelf and the
terminus of the Lambert Glacier, East Antarctica. The 1- and 5-meter
contours were determined from numerous Seasat radar altimeter
traverses across the area. Contours courtesy of GeoScience Re-
search Corporation (Brooks et al. 1982, in press). Landsat images
can be used as planimetric base maps, where adequate geodetic
control is present for the plotting of geological (Wolmarans and
Krynauw 1981) and geophysical data. (From figure in chapter 31,
"Geological Applications," Manual of Remote Sensing, second edi-
tion. Courtesy of American Society of Photogrammetry, Falls
Church, Virginia.)

<4
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ice, outlet glacier terminus, etc.), areas of bedrock and blue ice,
and other glaciological features (medial moraines, crevasse
areas, etc.) (Scientific Committee on Antarctic Research 1980).
A more accurate delineation of the coast of Antarctica will be
important in the preparation of the new 1:5,000,000-scale map
of Antarctica initiated by the National Science Foundation, as
well as for retrospective and future climatological studies.

Other Related Antarctic Activities. Richard S. Williams, Jr., as a
participant in the Committee on Glaciology Workshop, Polar
Research Board, contributed several sections to chapter 6,
"Large Ice Masses," of the forthcoming National Research
Council's report, "Polar Science—A Strategy for the '80's." The
staff of the Satellite Glaciology Project was actively involved in
the modernization of the SCAR Library, a specialized archive of
maps and aerial photographs administered by the National
Mapping Division (NMD) of the U. S. Geological Survey. Efforts
are underway by NMD to establish computerized access to all
SCAR maps and aerial photographs and to prepare microfilm
cassettes of all aerial photographs for easier access to the Ant-
arctic research community. Richard S. Williams, Jr., prepared a
section for the Second Edition of the Manual of Remote Sensing
entitled, "Remote Sensing of Glaciers" (a part of the
"Glaciology" portion of chapter 31, "Geological Applications.")

Except for costs associated with Tony K. Meunier's 2-months
of field work in Antarctica as a member of William A. Cassidy's
National Science Foundation-funded project (DPP 78-21104), re-
search carried out on Antarctica under the Satellite Glaciology
Project was supported by the U.S. Geological Survey.
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Global deformation of the Earth
caused by large-scale continental

glaciation: Implications for the
evolution of ice ages and the averaged

thickness of the lithosphere

DAVID A. YUEN

Department of Geology
Arizona State University

Tempe, Arizona 85287

GERALD SCHUBERT

Department of Earth and Space Sciences
University of California

Los Angeles, California 90024

Recently the phenomenon of true polar wander since the late
Cretaceous has been the subject of a number of investigations
(Anderson 1982; Gordon and Cape 1981; Jurdy 1982; Sabadini,
Yuen, and Boshi 1982), since it may have a bearing on the
diverse areas of mantle convection and the evolution of ice ages.
Such types of polar motions can influence as well the charac-
teristic time scale of ice ages from earlier geological epochs,
such as the Silurian which took place some 400 million years
ago.

In general, true polar wander is caused by changes in the
Earth's moment of inertia as a result of mass redistribution in its
interior and of the accompanying shape distortion of the planet.
The type of forcing we have focused upon is that due to the
waxing and waning of large ice sheets, which have periodically
plagued the Earth, most recently in the last few million years
(Shackleton and Opdyke 1976). In a previous work (Sabadini et
al. 1982) we found, on the basis of calculations using a three-
layer Earth model, that the late Cenozoic ice ages are capable of
producing a significant amount of net polar drift at a rate of
around 1 degree per 1 million years. This result suggests that
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true polar wander may furnish a mechanism which could even-
tually terminate the ice-age cycles. The argument stems from
the changes induced in the overall land-sea configuration with
respect to the rotational axis from this cumulative amount of
secular polar movement. This, in turn, would perturb the cur-
rent set of surface boundary conditions, which are favorable for
cyclic glaciation to occur by the Milankovitch theory (e.g., Im-
brie and Imbrie 1979). We have recently incorporated the densi-
ty jump associated with the 670 kilometer seismic discontinuity
into our model. The presence of density jumps produces an
extra relaxation mode, with a relaxation time in excess of a
million years, exceeding the typical time scale of an individual
glacial cycle. Consequently, the net motion of the rotation pole
produced by cyclic glacial forcing would display a none-
quilibrium behavior in the initial stages of an ice-age epoch
(Sabadini, Yuen, and Boschi in press). These results show an
initial transient net velocity of the order of 1 degree per million
years which, after a few million years, decays to a steady value
of the order of 1 degree per million years. It has been shown by
us (Sabadini et al. in press) that the length of a typical ice age
epoch, being around tens of millions of years is in fact control-
led by the time scale required for the steady-state polar shift to
proceed far enough so that the necessary conditions for the
Milankovitch mechanism can no longer be kept.

The response of the Earth to the late-Wisconsin deglaciation
event yields valuable information concerning the structure of
the Earth. It has been generally recognized that there is a con-
nection between secular polar movements and large-scale
glacial forcing (e.g., Nakiboglu and Lambeck 1980). From em-
ploying both sets of rotational data, polar variations from the 70
years of data from the International Latitude Service, and the
nontidal deceleration of the length of the day, an estimate of the

globally averaged lithosphere of between 130 and 200 kilo-
meters has been obtained by us (Yuen, Sabadini, and Boschi in
press).

This research was supported by the National Science Founda-
tion grants DPP 80-23723 and DPP 82-15015.
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Sea ice studies___________________________

Surface roughness of Ross Sea pack
ice

J. W. GovoNi, S. E ACKLEY, and E.. 1. HOLT

U.S. Army Cold Regions
Research and Engineering Laboratory

Hanover, New Hampshire 03755

At the end of the 1980 austral winter, Govoni assessed sea-ice
surface roughness along selected tracks in the Ross Sea. The ice
surveyed consisted mainly of first-year pack ice. Surface pro-
files were made using a Spectra-Physics Geodolite 3A laser
profilometer which was mounted vertically in the camera bay of
a National Science Foundation LC-130 aircraft. This aircraft was
used concurrently with the meteorological flight program con-
ducting lower atmosphere studies during October and
November 1980 (Hogan, Barnard, and Gras 1981).

The profilometer measures the distance between the aircraft
and the upper sea-ice surface by phase comparison of an elec-
tromagnetic wave that uses a helium-neon laser beam (centered
at 6,328 A) as a carrier. A photomultiplier detects and amplifies
the reflected light. The returned phase is compared to that of
the outgoing wave. The phase difference is proportional to the
transmission time or range as described by Tooma and Tucker
(1973). The modulation frequency can be set to correspond to
10- or 20-foot (3.0- or 6.1-meter) wave lengths giving an accurate
measure of height variations (± a few inches) within the selected
range. The profilometer has been used extensively in arctic sea-
ice studies (Tucker, Weeks, and Frank 1979) to characterize sea-
ice roughness. The flights reported here provided the first
application of the laser profilometer to antarctic pack ice.

All laser data, along with the aircraft speed, altitude, and
flight path, were recorded on a Hewlett-Packard four-channel
magnetic tape recorder. Periodically, photographs of represen-
tative ice conditions were taken with a 70-millimeter Hasselblad
Camera also mounted in the camera bay adjacent to the laser.
The flight tracks over the Ross Sea pack ice taken during the
4-15 November 1980 period are shown in figure 1.

For the purpose of analysis, the data was played back on an
analog strip chart recorder. The pressure ridge heights and
frequency of occurrence were then manually categorized. A
ridge was defined by the Rayleigh criterion, as applied by
Tucker et al. (1979), in which an independent ridge must have at
least twice the elevation of the shallowest trough on either side
of it. This method of definition prevents side lobes of the same
ridge from being counted as a separate ridge. The minimum
ridge height was 2 feet (0.6 meters).

Ridge-height histograms were compiled by counting the
number of ridges in 1-foot (0.3-meter) height classes along 20-
kilometer flight-track intervals. Figures 2 and 3 show these
height distributions for the two different regions boxed in fig-
ure 1 (runs 1, 2 and 4, 5). At least five 20-kilometer sections were
used from each run to arrive at these distributions.

Run I (figure 2) shows a proportionately higher number of
ridges greater than 3 feet (0.9 meters) than the other regions.

This feature probably reflects deformation due to local ice
convergence caused by the ice moving adjacent to the boundary
of the Victoria Land coast. Run 2 (figure 2) is slightly further
from this coast and consequently does not have the high num-
bers of large (3-foot or 0.9-meter) ridges. In contrast, runs 4 and
5 (figure 3) have a much larger number of small ridges (greater
than 100 ridges per 20 kilometers of less than 3 feet). This region
is near the outer ice edge and the ice here may be subjected to
wave and swell action which tends to break the large floes
(diameters greater than 1 kilometer) into 10-50 meter diameter
floes. The numerous boundaries between the small floes
provide locations for small ridges to form as the ice is subjected
to-wind, current, and wave motion. Because the ice is generally
less compact in the outer regions, the stress transmitted

90'E2
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Figure 1. Flight tracks over the Ross Sea pack during 4-15
November 1980. The boxes in areas 1,2 and 4,5 (runs 1, 2,4, and 5) of
the 4 November flight are the locations or the data shown in figures 2
and 3.
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through the pack is less, and large ridges are much less likely to
form there than in the interior regions.

For the data analyzed to date, the Ross Sea region appears in
general to have much less ridging than either the Weddell Sea
(Ackley 1979) or the Arctic Basin. The open nature of the bound-
aries here leads to generally divergent conditions and dimin-
ishes the stress transmitted through the pack ice resulting in
fewer high ridges. Near coastal boundaries, however, (figure 2)
localized high stress may exist and ridging features develop
accordingly.

Full analysis of this data set is proceeding and will be reported
in the near future. This information will also be used to develop
a dynamic-thermodynamic model of the Ross Sea similar to the
one recently computed for the Weddell Sea pack ice by Hibler
and Ackley (1983).

We wish to thank the members of squadron VXE-6 for their
cooperation during the flights. M. D. Frank obtained the laser
data on the flights and his cooperation is gratefully acknowl -
edged. This research was supported by National Science Foun-
dation grants DPP 77-24528 and DPP 80-05100 to U.S. Army Cold
Regions Research and Engineering Laboratory.
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Figure 2. Average number of ridges per 20-kilometer interval versus
ridge height for runs 1 and 2. Runs 1 and 2 were taken from the 4
November 1980 flight near the coast of Victoria Land. Run 1 was 96
kilometers long and run 2 was 80 kilometers long.
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Figure 3. Average number of ridges per 20-kilometer interval versus
ridge height for runs 4 and 5. Runs 4 and 5 were taken from the 4
November 1980 flight near Scott Island. Run 4 was 180 kilometers
long and run 5 was 270 kilometers long.
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Iceberg quantities, shapes, and sizes
in western Ross and D'Urvifle Seas

J. R. KEYS*

Antarctic Consultant
Wellington, New Zealand

Icebergs are more than simply a conspicuous element in the
antarctic marine environment. They are a hazard to shipping
and a hindrance to possible offshore oil-drilling rigs. They affect
and are affected by antarctic surface water and thus can have
significant local effects on benthic communities and other parts
of the ecosystem. On the positive side, icebergs may one day be
used as a source of fresh water. Boon or bane, icebergs are a
feature of the antarctic environment warranting further study.

Icebergs were counted in the southern ocean and western
Ross Sea during January 1983 during the cruise of the USCGC

Glacier from Christchurch to McMurdo. Similar counts were
done on my behalf by personnel from the bridge of the ice-
breaker during its return cruise in February 1983. Iceberg
counts were also made from the yacht Dick Smith Explorer head-
ing south from Hobart, Australia, in the southern ocean and
D'Urville Sea during January 1982. Longitudes of the cruises are
shown on the figure.

Radar was used as the basic tool for estimating iceberg quan-
tities. Counts were made of the numbers of targets present on
radar screens within certain ranges (usually 6, 8, or 12 nautical
miles) of the moving vessel at time intervals corresponding to
the diameter of the radar view divided by the ship's speed.
Radar echoes from icebergs obviously or possibly grounded
(inshore or in waters shallower than 300 meters) were not nor-
mally counted. At times of radar counts, supplementary visual
and binocular counts were also made, with some sextant con-
trol, of the number of icebergs present that were longer than
approximately 50-100 meters.

The procedure gives an estimate of iceberg quantities within a
unit area. Because of the well known difficulties of detecting
sea-borne ice on radar, an error of about 20 percent is associated
with the number of radar targets counted. The figure shows the
estimated quantities in Ross and D'Urville Seas as a function of
latitude with numbers of some other antarctic waters also
shown. The curve attributed to Shil'nikov (1969) is a summary
of data for different longitudes. Budd, Jacka, and Morgan (1980)
give a similar curve displaced to the south by up to 5 degrees of
latitude.

Iceberg quantities vary widely in space and time. In the
western Ross Sea, the quantities within 1,000-square-kilometer
areas range from 0 to more than 20. Early reports from U.S.
ships and aircraft (U.S. Navy 1957) show a similar high vari-
ability in concentrations during the months of November
-March in the years 1955-1957, with possibly some tendency
for higher concentrations in the southwest and west Ross Sea
and to the north of the northwest Ross Sea. As in the Lancaster
Sound/Baffin Bay/Davis Strait/Labrador Sea region of eastern
arctic Canada (Marko 1982; Petro-Canada 1982), much of this

* Present address: Commission for the Environment, Wellington, New
Zealand.

variability is due probably to icebergs moving in "pulses"
(loosely spaced groups), in a core (or cores) of rapidly moving
water. In the case of the southwest and west Ross Sea, this core
corresponds to the west then north-moving portions of the
cyclonic Ross Sea Gyre (Angino and Lepley 1966). The Antarctic
Divergence [a zone of upwelling located at about 65°S north of
Ross and D'Urville Seas (Gordon and Goldberg 1970)] and
iceberg decay, are probably additional reasons for the reduction
in iceberg quantities apparent at this latitude in the respective
curves in the figure.

A speculative conclusion based partly on the presence of the
Ross Sea Gyre might be that the southwest and west areas of
Ross Sea contain more icebergs on average than elsewhere in
the Ross Sea.

Some iceberg shape data are presented in the table. Previous
shape classification systems are not entirely adequate for the
wide range of antarctic iceberg shapes. The table is a simplifica-
tion of an evolving classification divided into four broad classes
representing common shapes seen during two cruises. During
cruise 1, emphasis was on tabularform icebergs (never tilted
and tilted). During cruise 2, an attempt was made to describe a
representative selection of the whole population. Accurate clas-
sification requires careful examination, from at least two direc-
tions, of features including snow stratification and wavecut
notches. Tilt angles are often very small. The data suggest that
tabular icebergs that have never tilted are one-quarter to one-
half as numerous as similar icebergs that are tilted but not
overturned. Irregular shaped and rounded icebergs (mainly
those that have overturned) are more numerous collectively
than non-overturned icebergs in the southern ocean. However,
within the Ross Sea, non-overturned icebergs may be more
numerous. Another conclusion, based on observations not in-
cluded in the table, is that crevassed tabularform icebergs are
more numerous in the D'Urville Sea than in the Ross Sea. This is
probably due more to the prevalence of crevassed ice tongues
along the George V and Adélie Coasts than to preliminary
stages of iceberg splitting, although the latter is obviously a
significant cause of crevassing.

The size data obtained were insufficient for assessing size
distribution, but the smallest icebergs (less than 200 meters
long) seemed to be the most common in both the western Ross
and D'Urville Seas. This is consistent with Orheim's (1980) size
distribution for icebergs in the vicinity of the Weddell Sea and
with Neshyba's (1980) theoretical distribution.

Freeboards (height above sea level) of nontilted tabular ice-
bergs are normally in the 10-40-meter range in the Ross Sea but
maximum heights of tilted icebergs can be much higher. The tilt
angles of two tilted tabular icebergs 200-300 meters wide in the
D'Urville Sea were 15-20 degrees; generally, angles vary from 0
to almost 90 degrees.

Some idea of iceberg draft in the Ross Sea can be obtained
indirectly, from known bathymetry in areas of grounded ice-
bergs and from known heights and thicknesses of ice shelves
and ice tongues. In mid-January 1983 more than 40 grounded
icebergs were present within 1 to 5 kilometers of the coast, from
north of Cape Adare southward 75 kilometers along the east
side of Adare Peninsula to Cape McCormick. Other areas with
several obviously grounded icebergs nearby included Posses-
sion Islands, Cotter Cliffs, and Franklin Island. Water depths of
100-200 meters in these areas (U.S. Geological Survey 1:250,000
map series, Cape Adare, Cape Hallett, and Franklin Island
sheets) suggest maximum drafts of this magnitude are
common.
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Maximum drafts are probably about 300 meters in the Ross
Sea. The maximum thickness within a few kilometers of the ice
front of the Ross Ice Shelf is 300 meters (Bentley et al. 1979).
Freeboard-to-thickness ratios of tabular icebergs derived from
ice shelves are about 0.15 for icebergs of this thickness (Orheim
1980; Weeks and Mellor 1978). This suggests a maximum draft
of about 260 meters for level tabular icebergs in the Ross Sea. A

20-degree tilt of a 300-meter thick, 300-meter wide prismatic
tabular iceberg could produce a maximum draft of over 300
meters. The thickest glacier tongue that is composed of ice only
(no snow or firn) in southwest Ross Sea is probably the Mackay
Glacier, which has an uneven surface, with freeboards ranging
from 0 to 45 meters around its floating tongue (Macpherson and
Pyne personal communication). The 5-7-kilometer long, mod-
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Quantities of icebergs of different shapes described during two cruises in the southern ocean, D'Urville Sea, and western Ross Sea
(percentages given in parentheses)

Tilted icebergs	Irregular icebergs	Rounded icebergs
Tabular Icebergs	(never completely	(angular features	(rounded features	Total number

(never tilted)	 overturned)	 dominant)	 dominant)	 described

Cruise 1	Southern ocean and DUrville Sea (January—February 1982)
24 (30)	 57 (70)	 Not included	 Not included	 81a

Cruise 2a	Southern ocean, north of Ross Sea (January 1983)
2 (5)	 7 (16)	 8 (19)	 26 (60)	 43

Cruise 2b	Western Ross Sea (January 1983)
21 (17)	 50(40)	 12 (9)	 43 (34)	 126

a Does not include irregular-shaped or rounded icebergs.

erately crevassed tongue averages up to about 350 meters thick
toward the northern thicker side (Calkin 1974). A mean draft
over 300 meters is possible for some icebergs freshly calved
from this tongue. Therefore, the extreme maximum draft of
icebergs in Ross Sea is probably greater than 300 meters. The
thickest tabular iceberg measured by Orheim (1980) in the east-
ern Weddell Sea had a draft of 330 meters.

This study was made possible by the generous invitation of
Philip R. Kyle for me to participate in Deep Freeze 83 aboard
USCGC Glacier. I am also grateful to the captain, officers, and
crew. The D'Urville Sea data were obtained during the
1981-1982 expedition of the Oceanic Research Foundation (Syd-
ney, Australia). I am indebted to the National Science Founda-
tion, the expedition's leader David Lewis, and other crew mem-
bers, particularly Karen Williams, for the opportunity to make
this study and for the assistance each gave me. This work was
supported by National Science Foundation grants DPP 80-20002
and DPP 80-21402 to Philip R. Kyle.
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Microspherules in snow and ice-fog crystals have been stud-
ied by electron microscopy. Microspherules, which are col-
lected by snow through nucleation and scavenging processes in
the atmosphere, are of terrestrial and extraterrestrial origin and
were either precipitated with snow or by dry fall-out. They were
generally found in percent of the snow crystals sampled at
various remote areas in the Northern Hemisphere, but they
were not found during an examination of 93 snow crystals
sampled at the South Pole (Kumai 1976). King and Wagstaff
(1980), however, observed andesitic microspherules and iron
microspherules in firn from the South Pole in the layer estimat-
ed to have been deposited in 1833. The elemental compositions
of microspherules in snow crystals from Antarctica have not yet
been reported.

This paper presents the results of an investigation of micro-
spherules found is snow and pack ice from the Weddell Sea,
Antarctica, collected during the U.S-U.S.S.R. Weddell Polynya
Expedition, 1981 (Gordon 1982; Clarke and Ackley 1982) by
Ackley and Clarke. Elemental composition, size, and con-
centration of microspherules were determined using a scanning
electron microscope (sEM) and energy dispersive x-ray analysis
(EDXA). In this report, we show typical textures of micro-
spherules and compare these with those found in snow and ice-
fog crystals sampled from the Northern Hemisphere.

Temperatures in the Weddell Sea ranged from + 2 to - 14°C,
and the pack ice was covered with a layer of snow 10-30 cen-
timeters in depth during October-November 1981. Snow sam-
ples from the pack-ice surface and an ice core sampled using a
7.6 centimeter diameter ice coring auger were collected in the
Weddell Sea, (60°17'S 0°15'E); see Gordon 1982 for other sam-
pling locations.

For SEM examination of microspherules, a snow sample and a
snow-ice sample (10-N/K; Clarke and Ackley 1982) of 20 grams
each were obtained from the surface of the pack ice. A sea-ice
core (with the snowcover removed) 54 centimeters in length
(core 22-10/N; Clarke and Ackley 1982) was also prepared for
SEM examination to compare with the snow and snow-ice sam-
ples. The samples were melted and filtered through a polycar-
bonate membrane filter having a pore diameter of 1.0 microme-
ter. They were then rinsed with distilled water to remove any
salt. Microspherules remained on the filters, and were coated
with gold-palladium (60:40) vapor to a thickness of about 100 A
in a vacuum chamber and were subsequently examined under
the SEM. The limit of detection for elemental analysis was deter-
mined using standard clay minerals and was found to be 0.1
percent for sodium and potassium and 0.01 percent for iron.
Elemental composition of microspherules were measured using

the EDXA by area or spot analysis at an accelerating voltage of 20
kilovolts.

In this study, 23 microspherules were found in the snow
sample from the Weddell Sea and 6 from the snow-ice sample.
The mass of a snow crystal ranges from 10 to 10 1 grams, and
the mean mass is 3.8 x 10 1 grams in snowfalls at temperatures
from —4 to - 10°C (Kumai and 1-liguchi 1952). From this esti-
mate the number of snow crystals in the 20 gram snow sample
from the Weddell Sea is calculated at about 5.3 x 10 5 crystals.
The concentration of microspherules in the snow samples from
the Weddell Sea are therefore calculated to be approximately
10-3 percent. In the Northern Hemisphere, the concentration of
microspherules in snow crystals ranged from 1 to 2 percent
(table 1). Thus, the concentration of microspherules in the snow

Figure 1. Iron-rich microspherule (a); the elemental analysis by
energy dispersing X-ray(b) indicates that the microspherule Is pos-
sibly a product of atmospheric ablation of a sporadic meteoroid. The
specimen is coated with gold and palladium.
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Table 1. Concentrations of microspherules found in snow and ice-fog crystals from various locations

Ratio of microspherules to	Percent of
Year	 Location	 snow crystals	 microspherule	 Observer

Snow Crystals
1956	 Mt. Tokachi, Hokkaido	 2 out of 202	 1	 Kumai
1959	 Houghton, Michigan	 5 out of 271	 1.8	 Kumai
1960	 Site 2, Greenland	 7 out of 356	 2.0	 Kumai
1976	 South Pole	 0 out of 93	 0	 Kumai

Total	 14 out of 922	 1.5	 Kumai

Ice-fog crystals
1962-1963	 Fairbanks, Alaska	 4 out of 542	 0.7	 Kumai
1964	 Belson, Alaska	 5 out of 116	 4.3	 Kumai

Total	 9 out of 658	 1.3	 Kumai

Snow crystals
1981	 Weddell Sea	 23 out of 20 gramsa	10	 This paper

Snow ice 
1981	 Weddell Sea	 6 out of 20 grams	 -10	 This paper

Pack ice
1981	 Weddell Sea	 3 out of 20 grams	 --10 4	 This paper

a We estimate 5.3 x 105 snow crystals in 20 grams of typical' snow.
This sample was taken from snow infiltrated with sea water and then frozen.

sample from the Weddell Sea is three orders of magnitude	the ice core was half the value for the snow-ice sample and
smaller than that of the Northern Hemisphere. This indicates	approximately 1/8 that of the snow sample. This indicates that the
that the concentration of microspherules in the atomsphere of	concentration of microspherules in the samples was increased
the Southern Hemisphere may be three orders of magnitude	with the number of snow crystals in the samples.
less than that of the Northern Hemisphere. On the other hand,	Elemental compositions of the nine microspherules found in
three microspherules were found in 20 grams of ice core from	the snow ice and pack-ice samples were examined by SEM and
the Weddell Sea. Thus the concentration of microspherules in	EDXA, and the results are shown in table 2, There were two iron,

Table 2. Energy dispersive X-ray analysis (percentage of weight) of microspherules found In snow-Ice and pack-Ice samples from the
Weddell Sea

Microspherule Specimen Number

Element	 1799	1899	1665	1896	1851	1819	1865	1693	1888
(snow	(pack	(snow	(pack	(snow	(snow	(snow	(snow	(pack

ice)	ice)	ice)	ice)	ice)	ice)	ice)	ice)	ice)

Sodium	 1.0	1.0	2.1	47	 10.8	1.3	1.1	1.0
Magnesium	 2.0	1.0	8.3	5.2	0.9	15.9	-	2.9	4.0
Aluminum	 4.0	3.1	10.4	10.8	22.6	15.9	32.9	27.0	32.5
Silicon	 5.0	7.3	23.6	10.8	69.6	57.5	50.6	46.0	40.0
Phosphorus	 -	-	-	-	-	-	-	-	-
Sulfur	 -	-	-	-	-	-	-	-	-
Chloride	 5.0	-	-	8.4	-	-	-	-	4.0
Potassium	 -	-	-	4.7	6.9	-	6.9	8.6	7.5
Calcium	 3.0	-	-	4.7	-	-	1.9	4.0	-
Titanium	 -	-	55.5	37.6	-	-	1.9	2.9	-

Chromium	 -	-	-	-	-	-	-	-	-
Manganese	 -	-	-	-	-	-	1.9	-	-
Iron	 80.0	83.3	-	6.1	-	-	3.2	4.6	7.0
Cobalt	 -	-	-	-	-	-	-	-	-
Nickel	 -	-	-	-	-	-	-	-	-
Copper	 -	4.2	-	7.0	-	-	-	2.9	4.0
Lead	 -	-	-	-	-	-	-	-	-
Total	 100.0	99.9	99.9	100.0	100.0	100.1	100.0	100.0	100.0

Diameter	 4.9	12.4	8.4	9.2	12.3	7.4	7.4	2.4	8.5

In micrometers.
I Dashes denote "zero."
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Figure 2. Titanium-rich microspheruie (a) and the elemental analy-
sis by energy dispersing X-ray(b) indicates that the microspherule is
possibly a fly ash. The specimen is coated with gold and palladium.

Figure 3. Silicon rich microspherule (a), and the elemental analysis
by energy dispersing X-ray(b) indicates that the microspherule is
possibly fly ash. The specimen is coated with gold and palladium.

two titanium, and five silicon rich microspherules, and their
diameters ranged from 2.4 to 12.4 micrometers The iron micro-
spherules were 80 and 83 percent iron with minor elements
such as silicon, chlorine, aluminum, calcium, magnesium, and
sodium comprising less than 7 percent, as shown in figure 1 and
table 2. These iron-rich microspherules were different in ele-
mental composition, morphology, and size range from those
formed by solidification of iron spattered during a welding
operation (McCrone, Brown, and Stewart 1980) and also from
fly ash from coal burning electric power plants (Kumai 1977).
However, these iron-rich microspherules from the Weddell Sea
(figure 1) are quite similar in crystalline structure, morphology,

and size range to those found in the ice core from the South Pole
by King and Waggstaff (1980) which are considered to be of
extraterrestrial origin. According to King and Wagstaff these
microspherules are possibly a product of ablation in the at-
mosphere of a sporadic meteoroid.

The two titanium-rich rnicrospherules were 37 and 55 percent
titanium with minor elements such as silicon, aluminum, mag-
nesium, chloride, potassium, calcium, iron, and copper. Many
submicron particles were observed on the surface of the micro-
spherules (figure 2). The titanium-rich microspherules (figure
2) are quite similar in elemental compositions, morphology, and
size range to microspherules found in fly ash from electric

130	 ANTARCTIC JOURNAL



power plants using coal (Kumai 1977).
Four silicon-rich microspherules were 40 to 70 percent silicon

with minor elements of aluminum, magnesium, sodium, po-
tassium, calcium, titanium, chlorine, iron, manganese, and
copper. The microspherules were 2 to 12 micrometers in diame-
ter, and many submicron particles were found on the surface
(figure 3). These silicon-rich microspherules (figure 3) are more
similar in morphology, elemental composition, and size range
to microspherules in fly ash from coal burning electric power
plants than those from volcanic ash.

In this investigation, only a few microspherules were found
in approximately 100,000 snow crystals formed in the at-
mosphere over the Weddell Sea in comparison to one in about
100 snow crystals from various remote areas in the Northern
Hemisphere. This indicates that the concentration of micro-
sherules in the Antarctic may be three orders of magnitude
smaller than the concentration found in the Northern Hemi-
sphere (table 1 and Kumai 1976). Silicon- and titanium-rich
microspherules from the Weddell Sea were similar to those
found in fly ash of terrestrial origin. The iron rich micro-
spherules from the Weddell Sea were tentatively identified to be
of extraterrestrial origin.

This research was supported by National Science Foundation
grant DPP 80-06922 and Department of the Army Project
4A161 102AT2401/A/106.
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Biogenic silica accumulation on the
antarctic continental shelf

DAVID J. DEMASTER, CHARLES A. NITTROUER, and PAULA A
HOFFMAN

Department of Marine, Earth, and Atmospheric Sciences
North Carolina State University
Raleigh, North Carolina 27650

During January and February 1983, 35 box cores were col-
lected aboard the icebreaker USCGC Glacier from the antarctic
continental shelf. The cores were obtained between McMurdo
Station and Franklin Island (76°5'S 168°19'E) as well as along the
Ross Ice Shelf eastward to Sulzberger Bay (77°S 152°W) (figure
1). The box corer, which has a cross section of 20 centimeters by
30 centimeters collected cores ranging in length from 7 to 55
centimeters. In almost all cores the sediment-water interface
was retrieved with little or no evidence of disturbance during
the coring operation. Delicate arrays of sponge spicules as well

Figure 1. Box core stations from the antarctic continental shelf.
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as intact worm tubes were collected in some cores, providing
evidence of minimal disturbance.

The main objective of this research is to characterize rates of
biogenic silica accumulation on the antarctic continental shelf.
The biogenic silica content of shelf sediment was measured by
preferentially dissolving siliceous phases (diatoms, sponges, or
radiolaria) in an alkaline solution followed by spec-
trophotometric analysis (DeMaster 1981). The biogenic silica
content of surface sediment from these Antarctic shelf deposits
ranges from 2 percent (by weight) in Sulzberger Bay to 35
percent near Franklin and Ross Islands. Subsamples were col-
lected at 1-centimeter intervals from the box cores in order to,,
perform radiochemical analyses. Measurements of naturally
occurring lead-210 (half-life = 22 years) are being used to estab-
lish sediment accumulation rates on a 100-year time scale (Nit-
trouer et al. 1979; DeMaster 1981). Subcores from the box core
were X-rayed onboard ship to examine sedimentary structure in
the upper half meter of the antarctic seabed. Radiographs re-

83	3

veal extensive burrowing by macrofauna in some cases as well
as significant quantities of ice-rafted debris.

Figure 2 shows radiographs from 2 box cores (DF83-3-11,
78°15'S and DF83-3-12, 78°16'S 170°08'W) each collected within
2 kilometers of the Ross Ice Shelf. Box core DF83-3-11 was
collected from a topographic high (water depth 430 meters),
whereas box core DF83-3-12 was collected from a topographic
low (water depth 541 meters). The greater abundance of ice-

83	3	11Z

Figure 2. Radiographs from two antarctic shelf box cores (DF83-3-1 1 and G83-3-12) showing higher abundance of ice-ratted debris in the core
from a topographic high (DF83-3-11) compared to the core from a topographic low (G83-3-12). For scale, the core numbers above the
radiographs were 0.6 centimeters high.



rafted debris in the shallower core is evident from the radi-
ographs. Because the supply of ice-rafted debris to the seabed
should be independent of bottom topography, the variation in
abundance of ice-rafted debris between cores probably results
from a lower sediment accumulation rate in the shallower core
as compared to the deeper core. Lead-210 measurements are
currently in progress to test this hypothesis. By combining
radiochemical analyses with biogenic silica measurements, sil-
ica fluxes to the seabed can be computed for the antarctic shelf,
and these fluxes can be compared with fluxes from other high
productivity environments (e.g., Gulf of California or Walvis
Bay). The presence of siliceous ooze deposits (biogenic silica
contents greater than 30 percent; Goodell et al. 1973) near
Franklin and Ross Islands suggests that antarctic shelf deposits
may be a significant site for silica removal in the marine environ-
ment. This research on biogenic silica accumulation comple-
ments a study on water column productivity and silica dissolu-

tion (University of Tennessee and Oregon State University) as
well as a study on glacial sedimentation (Rice University). Sam-
ples for all three projects were collected aboard the USCGC
Glacier from the field area shown in figure 1.

This work was supported by National Science Foundation
grant DPP 81-17044.
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Ross Sea heat flux experiment
field activities
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School of Oceanography
Oregon State University
Corvallis, Oregon 97331

E. LYN LEWIS

Frozen Sea Research Group
Institute of Ocean Sciences
Sidney, British Columbia

Canada V8L 4B2

STANLEY S. JACOBS
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An experiment to measure the flux of heat across the Ross Sea
continental shelf and under the Ross Ice Shelf began in the
1982-1983 austral summer. Field parties from Lamont-Doherty
Geological Observatory and Oregon State University collected
data aboard the USCGC Glacier in February of 1983, and a field
party from the Frozen Sea Research Group at the Institute of
Ocean Sciences, British Columbia, collected data from the sea
ice in McMurdo Sound during October and November of 1982.

Observations in McMurdo Sound were made through holes
in the sea ice. These included: (1) an east-west transect of
conductivity-temperature-depth (cTD) stations across the
sound starting from Cape Royds and a similar north-south
transect from the Ross Ice Shelf to the ice edge at 77°40'S; (2)

several CTD stations near the Erebus Glacier Tongue and near
the Ross Ice Shelf; (3) special water sampling with a "salinity
sucker," designed to exclude ice crystals from the sample; (4)
month-long current meter measurements at two sites; and (5)
detailed investigation of the formation of "underwater ice" near
Hut Point. Data reduction from these measurements is pres-
ently underway.

Observations were made aboard the USCGC Glacier during a
cruise which crossed the Ross Sea from west to east several
kilometers north of the edge of the Ross Ice Shelf to about 156°W
and during the return trip to McMurdo. These measurements
consisted of expendable bathythermograph casts at regular in-
tervals between Ross Island and the Bay of Whales on the
outbound track and additional casts in the east-central Ross Sea
on the return track. Additional observations of the hydro-
graphic conditions were made with a CTD at selected stations
along the cruise track. At some stations water samples were
collected for salinity and oxygen-18 analysis. Unaltered circum-
polar deep water was observed on the continental shelf east of
Cape Colbeck.

The hydrographic data indicated that the "warm core" ob-
served in historical transects (Jacobs, Gordon, and Ardai 1979)
was present, and three current meter moorings were set to
measure the heat flux of that core. The three meters on each
mooring are equipped to measure current speed, direction,
temperature, conductivity, and pressure. The eastern mooring
contains sediment traps 55 meters above the bottom and 220
meters below the sea surface. These traps were installed for R.
Dunbar of Rice University. The moorings (figure) will be re-
covered and reset along with additional arrays during January
of 1984.

The USCGC Glacier's bridge personnel maintained a plot of the
position of the Ross Ice Shelf "barrier" between Ross Island and
King Edward VII Land. As noted on other recent cruises, the
barrier is well north of its position as indicated on H. 0. Chart
6636 (1966). The more recent observations are supported by
satellite navigation and appear to show that over the past de-
cade or two the rate of northward motion has not been balanced
by calving and melting of the barrier.
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Location of moorings installed near the Ross Ice Shelf. From left to right, the three black circles show mooring P (78 005.5'S 1 75°30'W), mooring
C (78°11'S 174°39'W), and mooring S (78 013.6'S 172°29.4'W).

This work was supported by the National Science Foundation
under grants DPP 81-20677 to Oregon State University and DPP
81-19863 to Columbia University. The willing support of Cap-
tain Taylor and his crew aboard the uscc Glacier is gratefully
acknowledged.
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The Weddell Gyre

ARNOLD L. GORDON

Lamon t- Doherty Geological Observatory
of Columbia University

Palisades, New York 10964

The Weddell Gyre is the largest, best formed subpolar gyre of
the southern ocean. With its lesser cousins north-northeast of
the Ross Sea and east of the Kerguelen Plateau, it carries heat
and salt diffused by eddies across the Antarctic Circumj..olar
current to the continental margins of Antarctica. During this
transfer, significant heat loss to the atmosphere occurs. The low
degree of baroclinicity and weak lateral gradients make it diffi-

cult to resolve the gyre characteristics, yet some progress has
been made. However, our view of the Weddell Gyre is based on
austral summer data, with the exception of a few year-round
current meter moorings, and the Deutschland winter data of
Brennecke (1921). During the winter, the Weddell Gyre region is
ice covered. The very weak regional pycnocline leads us to
suspect significant vertical exchange of cold surface water with
warm-saline deep water.

The U.S-U.S.S.R. Weddell Polynya Expedition of 1981 (Gor-
don 1982; Gordon and Sarukhanyan 1982) aboard the Soviet
ship Somov obtained an array of in situ conductivity-tem-
perature-depth-oxygen (CTD-0 2) sensors/rosette hydrographic
stations, in conjunction with biological, chemical, sea-ice, and
atmospheric data (see pages 96-114, 1982 review issue of Ant-
arctic Journal of the U. S.). Analyses of the hydrographic data lead
to two studies: Gordon, Chen, and Metcalf (in press) and Gor-
don and Huber (in press). In these studies the characteristics of
the ocean below the sea-ice cover are described.
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The Somov data are within the cyclonic trough of the Weddell
Gyre, in which the deep water is relatively cold, less than 0.5°C.
However, cells composed of warmer deep water were observed.
These warm cells have temperature, salinity, and oxygen prop-
erties similar to the Weddell deep water (wDw) characteristics of
the Weddell Gyre inflow, which is situated to the southeast of
the Sornov study region. The warm WDW cells are accompanied
by domes in the pycnocline of 40-meter amplitude over the
surrounding pycnocline, while deeper isopycnals are de-
pressed. The pycnolcine domes are exposed to about 50 percent
greater entrainment by the turbulently active winter mixed
layer, relative to the regional entrainment rate. It is hypoth-
esized that the warm WDW cells within the Weddell Gyre trough
are derived from instability within the frontal zone, which
extends from Maud Rise to the northeast separating the Wed-
dell warm regime from the cold regime. Greater than normal
injection of warm WDW cells into the Weddell Gyre trough
would increase the surface salinity, which would tend to de-
stabilize the pycnocline, increasing the probability of deep con-
vection and polynya events.

The Somov data also reveal that the surface mixed layer below
the sea-ice cover is undersaturated in oxyen by as much as 1.1
milliliters per liter. This deficit is believed to be a consequence of
oxgygen-poor (4.5 milliliters/liter) WDW entrainment by the
winter mixed layer. Assuming effective cut off of ocean-at-

mosphere oxygen exchange by the nearly complete snow- and
sea-ice cover with no net impact of oxygen content due to
biological factors, a mixing ratio of 1 to 3 for WDW to beginning-
of-winter surface water is required to explain the end-of-winter
mixed-layer oxygen content. Using this entrainment rate and
the assumption that vertical exchange in the non-ice-covered
period is only diffusive, a mean annual heat flux of 15 watts per
square meter is determined with an annual fresh water demand
of 46 centimeters per year.

This work is supported by DPP 80-05765.
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Distributions of dissolved calcium and
alkalinity in the Weddell Sea in winter

CHEN-TUNG A. CHEN

School of Oceanography
Oregon State University
Corvallis, Oregon 97331

In the late austral winter of 1981, from 9 October to 25
November, as part of the U.S.-U.S.S.R. Weddell Polynya Expe-
dition (Gordon 1982; Chen 1982a) we measured dissolved cal-
cium and titration alkalinity (TA) in the Weddell Sea. Our values
were the first winter data collected in the Weddell Sea and
probably represent the initial calcium and TA concentrations of
the deep Pacific waters. With this information we can now
calculate more accurately the in situ calcium carbonate (CaCO3)
dissolution rate in the Pacific.

Previous attempts for evaluating the in situ CaC0 1 dissolu-
tion, based on the measurements of dissolved calcium or TA in
seawater (Almgren, Dryssen, and Strandberg 1977; Brewer et
al. 1975; Chen 1978; 1-bribe, Endo, and Tsubota 1974; Tsunogai
and Watanabe 1981; Tsunogai, Yamahata, and Saito 1973;
Tsunogai, Yamazaki, and Nishimura 1971), frequently used
local surface calcium and TA values as references. This approach
leaves the erroneous impression that the differences between
the deep values and the references represent the vertical in-
organic carbon flux, whereas deep waters may simply have
higher calcicum and TA concentrations than the surface waters

when formed (Chen and Millero 1979; Chen, Pytkowicz, and
Olson 1982; Edmond 1974; Tsunogai and Watanabe 1981;
Tsunogai et al. 1973). The observed deep values, therefore,
should be higher even without the in situ CaCO3 dissolution.

Chen, Pytkowicz, and Olson (1982) believe that a large por-
tion of the apparent calcium concentration increase reported
previously for the Pacific Ocean is probably not due to the in situ
CaCO 3 dissolution in the water column but rather due to the
transport by the water itself. This conclusion, however, was
reached from using data collected by various investigators [cal-
cium data of Tsunogai et al. 1973 and Horibe et al. 1974; TA data
from Horibe et al. 1974 and Geochemical Ocean Sections Study
(cEosEcs), Takahashi et al. 1980]. No comprehensive data in-
cluding both calcium and TA in the Weddell Sea, the source of
the antarctic bottom water (AABW), were available. As a result,
large arbitrary systematic adjustments of the different data sets
had to be made to make them comparable.

With the winter Weddell Sea data collected on the U.S.-
U.S.S.R. Weddell Polynya Expedition, we have now calculated
the in situ CaCO 1 dissolution rate in the Pacific. Both TA and
calcium seem to behave conservatively in the Weddell Sea, as
expected (Weiss, Ostlund, and Craig 1979), because the marine
organisms are mainly siliceous, and little production or dissolu-
tion of CaCO 1 occurs in this region. The normalized 1A (NTA)
(NTA = TA X 35.0 ) and normalized calcium (NCa) (NCa =

Salinity
calcium x 35.0 ) concentrations remain essentially constant

Salinity
(average NTA = 2,386± 10 microequivalents per kilogram; NCa
= 10,240 ± 15 micromoles per kilogram) and show little varia-
tion with depth or temperature (figure 1). These values compare
well with the average deep NTA values of GEOSECS (2,386 microe-
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quivalents per kilogram and NCa values of 10,234 micromoles
per kilogram of Tsunogai et al. (1971).
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The potential temperature vs. normalized titration alkalinity (NTA),
measured in microequivalents per kilogram, and normalized cal-
cium (NCa), measured in micromoles per kilogram, in the Weddell
Sea.

Our data in the northeast Pacific show an average NCa value
of 10,276 micromoles per kilogram below 2,000 meters, only 36
micromoles per kilogram higher than the Weddell Sea value.
On the other hand, the deep Pacific NCa values are 80 micro-
moles per kilogram higher than the local surface values. The
difference of 36 micromoles per kilogram reflects the true flux of
CaCo3 relative to the source of the water. Dividing 36 micro-
moles per kilogram by the average replacement time (500 years)
of the deep Pacific water, also referenced to the southern ocean
(Stuiver, Quay, and Ostlund 1983), we obtain an inorganic car-
bon flux of 0.072 micromoles per kilogram per year, in good
agreement with the latest literature value of 0.09 micromoles
per kilogram per year (Tsunogai and Watanabe 1981).

It has been a common practice to estimate the CaCO 3 flux
using TA data. Our NTA values in the deep northeast Pacific
(largely unpublished but partially shown in Chen 1982b and
Chen et al. 1982) are, on the average, 55 microequivalents per
kilogram higher than the Weddell Sea values. We used the
relationship A Ca = 0.5 A TA 0.63 A NO, (Brewer et al. 1975;
Chen 1978) where A denotes the difference between the mea-
sured values and the references (in this case, the Weddell Sea
values) and NO 3 is, of course, nitrate. The coefficient 0.63,

instead of 0.53, is used to take into consideration the effect of
sulfur on TA. For the NO3 data, we used the Weddell Sea average
of 39 micromoles per kilogram and the deep northeast pacific
average of 32 micromoles per kilogram. We obtained a calcium
enrichment of 32 micromoles per kilogram in the deep north-
east Pacific Ocean, in good agreement with our direct calcium
results. This is also in good agreement with the value of 35
micromoles per kilogram obtained both by Fiadeiro (1980)
based on an elaborate three-dimensional modeling of the CEO-

SECS TA data and by Chen et al. (1982) based on the calcium
(Tsunogai et al. 1973) and the GEOSECS TA data.

This work was supported by the Department of Energy grant
81EV10611 A001 and by National Science Foundation grant OCE

82-15053.
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Quantification of morphotypes in
Neogloboquadrina pachyderma using

Fourier shape analysis

NANCY HEALY-WILLIAMS, DOUGLAS F. WILLIAMS, and
ROBERT EHRLICH

Department of Geology
University of South Carolina

Columbia, South Carolina 29208

Neogloboquadrina pachderma (Ehrenberg) has long been one of
the most important foraminiferal species in paleoceanographic
studies of Quaternary and late Cenozoic marine sediments.
Numerous studies of this species have documented that coiling
direction and chamber number in the final whorl (4, 4 1/2, 5) have
important relationships with high latitude water mass proper-
ties (e.g., Ericson 1959; Herb 1968; Kennett 1968; Malmgren and
Kennett 1972; Vella 1974). However, this variability also poses a
problem in the taxonomy of the species.

In an attempt to quantify this morphologic variability objec-
tively, we performed Fourier shape analysis on N. pachydertna.
Fourier shape analysis, via Fourier series in closed form, is a

Figure 1. Core locations of USNS Eltanin core top sample used in the study.

Figure 2. Scanning electron microscope photomicrographs of N. pachyderma representing the general shape described by harmonics 3 (3a—e);
4(4a—d); 5(5a—e) and 6(6a—f). Specimens 3a—e: E49-46, 44°S; Specimens 4a—d: E49-42, 47S; Specimens 5a—e: E49-46, 44°S; Specimens 6a—f:
E50-03, 42°S. ('E" and the numbers that follow indicate core sample numbers of sediment cores obtained by USNS Eltanin.)
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mathematical expression of cosines used to describe the shape
of any two-dimensional shape outline to a specified accuracy.
We use Fourier series as a quantitative biometric tool that
characterizes shape and separates the components of the whole
form and thus enables us to see how each component (harmon-
ic) affects the total shape (Healy-Williams and Williams 1981;
Scott 1980).

In our study, as in previous studies (Bandy 1972; Ingle 1973;
Kennett 1968; Malmgren and Kennett 1972) both sinistral and
dextral forms with 4, 4 1/2, and 5 chambers in the final whorl were
regarded as phenotypic variations of the same species. We
analyzed approximately 70 N. pachyderma per sample from 15
USNS Eltanin core top samples (more than 1000 total) located in
the southern Indian Ocean (38°S to 53°S) (figure 1). All spec-
imens were removed from split portions of a 125 microme-
ter-180 micrometer size fraction. The purpose of our study was
twofold: (1) to test the ability of Fourier series to delineate the
major morphotypes of N. pachyderma and (2) to quantify these
morphotypes and relate them, if possible, to hydrographic pa-
rameters of the overlying water masses. Fourier analysis was
able to determine precisely that four harmonics are required to
describe the shape variability in N. pachyderma and that the
significant shape components are related to the chamber ar-
rangements (figure 2). As shown in figure 2, specimens with
high harmonic 3 values tend to be four-chambered but with a
triangular shape usually resulting from an inflated final cham-
ber. Typical quadrate specimens have high harmonic 4 values.
With increasing shape complexity, the higher order harmonics,
5 and 6, are able to resolve the specimens which have 4 1/2 and 41/2
to 5 chambers, respectively (figure 2).

The preliminary results of this study indicate that the inter-
gration of several shape components is required to understand
fully the morphological changes in N. pachyderma and the rela-
tionship between the different forms. A linear correlation analy-
sis (table) indicates that the shapes defined by harmonics 3 and
4 are not related to environmental parameters. However, har-
monics 5 and 6 both have good correlations with the hydro-
graphic parameters, indicating that the change to 4 1/2 to 5 cham-
bers may be an ecophenotypic response. We believe that by
quantifying these shape components it will be possible to en-
hance the utilization of N. pachyderma in paleoenvironmental
studies of southern ocean sediments.

This research was supported by National Science Foundation
grants OCE 81-10167 and DPI' 80-23696.

Results of linear correlation analysis of mean Fourier harmonic
values versus coiling direction and hydrographic parameters of the

study area

Coiling	Temperature	Salinity at	Dissolved
(percent	°C at	0 meters parts oxygen milli-

Harmonic	sinistral)	0 meters	per thousand liters per liter

3	-0.52	+0.44	+0.49	-0,44

4	+0.01	+0.10	-0.04	+0.04

5	-0.72	+0.68	+0.61	-0.57

6	-0.74	+0.72	+0.59	-0.58

a Level of significance c = 0.01
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Carbonate sedimentation beneath the
Antarctic Circumpolar Current
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The benthonic foraminiferal faunas during interglacial times
are similar to those presently found in the area, indicating that
interglacial deep-water circulation was similar to present-day
conditions. By contrast, the Melonis-Uvigerina assemblage indi-
cates a water mass within the glacial ACC which was distinctly
different from the present-day Circumpolar Deep Water. A
comparison of the benthonic foraminiferal data and the frag-
mentation data shows a correlation in E49-18 between the two
variables, but this correlation is not seen in E48-22. In E49-18,
changing deep-water circulation conditions may have changed
the corrosivity of the deep water and influenced the dissolution
record, although the similarity of the records may be coinciden-
tal due to the fact that the variables may have responded inde-
pendently to glacial/interglacial climatic changes. These find -
ings indicate that caution must be used when interpreting

Calcium carbonate sedimentation beneath the Antarctic Cir-
cumpolar Current (ACC) was studied based on the analysis of
four USNS Eltanin cores taken between 38° and 48°S latitude in
the southeast Indian Ocean sector of the southern ocean (Cor-
liss and Thunell 1983). Calciumcarbonate (CaCO 7) content and
planktonic foraminiferal fragmentation are used to determine a
record of calcium carbonate sedimentation over the last 440,000
years. The fragmentation records are compared with a history
of deep-water circulation within the ACC based on deep-sea
benthonic foraminifera from these cores (Corliss, 1982a, 1982b)
to determine if there is any relationship between carbonate
dissolution and deep-water circulation conditions during the
Late Quaternary.

Four cores (E48-22, E48-28, E49-18, E49-23) were considered
in this study and the results of the analyses of E49-18 and
E48-22 are discussed in this article. E49-18 (46'03. O'S 90°09.3'E;
depth, 3,253 meters) was taken on the south flank of the South-
east Indian Ridge, and the results of the analysis of this core are
shown in figure 1. The planktonic foraminiferal oxygen isotopic
stratigraphy (Hays, Imbrie, and Shackleton 1976) is shown for
stages 12 to 5 (approximately 440,000-120,000 years ago). Stages
1-5 were not recognized in the core, and the upper part of the
core is not considered here. During glacial stages and inter-
mediate cool intervals, the benthonic foraminiferal fauna is
dominated by Melon is barleean urn, Melon is porn pilioides and
Llvigerina spp. and is associated with low CaCO3 percentages
and high planktonic foraminiferal fragmentation values. Dur-
ing the warm interglacial intervals, the benthonic foraminiferal
fauna is dominated by Globocassidulina subglobosa and a mixture
of species and is found with high CaCO 1 percentages and low
fragmentation values. The low carbonate and high fragmenta-
tion data found during glacial and intermediate cool intervals
suggest that carbonate dissolution was high at these times rela-
tive to interglacial times.

Core E48-22 (39°53.7'S 85°24.6'E; depth 3,378 meters) was
taken atop the Southeast Indian Ridge, and the results of the
analysis of this core are shown in figure 2. A planktonic for-
aminiferal faunal curve and oxygen isotope stratigraphy
(Williams 1976) are used to identify glacial/interglacial episodes.
During interglacial times the benthonic foraminiferal fauna is
dominated by Epistorninella exigua and during glacial times the
fauna is dominated by Uvigerina spp. The carbonate curve
shows in general lower values during glacial times than during
interglacial intervals while fragmentation data show maxima
(increased dissolution) during stages 9 and 7, the early part of
stage 8, and the stage 9/8 boundary.

E49-18
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Figure 1. Planktonic foraminiferal isotopic data (18O), the percent-
age of calcium carbonate (CaCO 3) (Hays et al. 1976), and benthonic
foraminiferal data (Corliss 1982a, 1982b) in E49-18 are shown. The
principal component factor loadings of the benthonic foraminiferal
data indicate the relative importance of two assemblages. One as-
semblage (positive loadings) is dominated by Globocassidulina
subglobosa and a mixture of species. A second assemblage (nega-
tive loadings) reflects the dominance of Melonis barleeanum, Melo-
nis pompilioides, and Uvigerina spp. ("cm" denotes centimeter.)
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Figure 2. The second principal component of the benthonic foraminifera (Corliss 1982b), percentage of calcium carbonate (CaCO 3), and the
percentage of planktonic foraminiferal fragmentation are shown with planktonic foraminiferal oxygen-isotopic data (818 0) and total faunal
curve from Williams (1976) in E48-22. One assemblage (negative loadings) is dominated by Uvigerina spp. and a second assemblage (positive
loadings) is dominated by Epistominella exigua and a mixture of species.

dissolution cycles in deep-sea sediments, because deep-water
circulation changes may not be as important as previously
thought.

This work was supported by National Science Foundation
grant DPP 80-20479.
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Tectonic reconstructions of the South
Atlantic
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During December 1980 and January 1981, an expedition
aboard i1v Melville explored and dredged the America-Ant-
arctic Ridge (Lawyer and Dick in press). As a consequence of
that cruise, the present day plate motions were ascertained, and
the recent tectonic history of the triple junction between the
South America, Africa, and Antarctica plates was postulated
(Lawyer, Dick, and le Roex 1982).

Figure 1 shows the present day locations of the continents of
South America, Africa, and Antarctica, the 3,000-meter con-
tour, and the major ridges separating them. In the reconstruc-
tions that we made of the paleopositions of the three plates

(figures 2 and 3), we fixed South America. We first moved
Antarctica with respect to Africa then moved Antarctica and
Africa together with respect to South America. By doing the
reconstructions in this manner, we did not have to rely solely on
the limited information from the America-Antarctic Ridge in
order to constrain the motion between South America and
Antarctica.

We used published poles from .Rabinowitz and LaBrecque
(1979) for South America-Africa to do the reconstructions. Mag-
netic anomaly correlation timescales are from LaBrecque, Kend,
and Cande (1977) and Larson and Hilde (1975). For the South-
west Indian Ridge, we had to use a number of different sources
[anomaly 6 (20 million years old) Sclater et al. 1981; anomalies 22
(53 million years old) and 34 (80 million years old), Fisher and
Sclater (1983); anomalies Ml (115 million years old) and M22
(150 million years old), Norton and Sciater (1979)]. In addition to
the published poles cited above, the motion between Africa and
Antarctica was found by extrapolation for anomalies 16 (38
million years old) and M12 (130 million years old) and was
calculated for anomaly 28 (65 million years old) using an identi-
fied anomaly on the African plate from Fisher and Sclater (1983)
and its identifiable match on the Antarctic plate from figure 2 of
Bergh and Barrett (1980).

142	 .	 ANTARCTIC JOURNAL



983 REVIEW	 143

Figure 1. (Left) Present-day locations of South America, Africa, and
Antarctica with the 3,000-meter contour shown as a dotted line.
Latitude and longitude lines mark every 10 degrees. Heavy solid
lines are spreading centers offset by transform faults. South Sand-
wich Trench is shown with triangular underthrust symbols.

Figure 2. (Below) Reconstruction of continents at anomaly 6 time,
20 million years ago (ANOM.6 20MA); at anomaly 16 time, 38 million
years ago (ANOM.1 6 38MA); at anomaly 22 time, 53 million years ago
(ANOM.22 53MA); and at anomaly 28 time, 65 million years ago
(ANOM.28 65MA). (Note initial overlap of the lip of the Antarctic
Peninsula.)
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ANOM34 8"
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The plate boundaries shown on figure 1 are taken from earth-
quake epicenter locations that were superimposed on
bathymetric charts of the area (Fisher 1982; Fisher and Sclater
1983; LaBrecque and Rabinowitz 1981). For the reconstructions
of the older ages, the plate boundaries were backtracked but
were adjusted so that major transform faults remained in
alignment.

The America-Antarctic Ridge is assumed to have been a
ridge-fault-fault (RFF) triple junction for the last 60-65 million
years. Such a configuration tends to cause the triple Junction to
migrate slowly to the southeast given the spreading rates and
directions on the three ridges involved. To compensate for some
of the migration, the triple junction jumps northward spawning
new spreading centers and transform faults on the America-
Antarctic and Southwest Indian Ridges.

As documented by Barker (1979), there was a large jump of
the Mid-Atlantic Ridge about 65 million years ago. Prior to 65
million years ago the Mid-Atlantic Ridge had to have been offset
1,000 kilometers or more as shown in figure 3a. Clear indica-
tions of a magnetic bight in the South Atlantic between the time
of anomaly 34 (80 mllion years ago) and at least anomaly 32 (72
million years ago) have been shown by Bergh and Barrett (1980)
and LaBrecque and Hayes (1979). In order to have formed a
magnetic bight, the triple junction must have been operating as
a ridge-ridge-ridge (RRR) triple junction. At the time of the jump
in the Mid-Atlantic Ridge which eliminated the large offset
along the Falkland-Agulhas Fracture Zone (Barker 1979), the
triple junction switched from being RRR to RFF. No evidence of
crust formed by the southwest limb of the RRR triple junction
can be found north of the present America-Antarctic Ridge

Figure 3. Reconstruction of continents at anomaly 34 time, 80 million years ago (ANOM.34 80MA) with West Antarctica closed up against East
Antarctica; at anomaly Ml time, 115 million years ago (ANOM.M1 11 5MA); at anomaly Ml 2 time, 130 million years ago (ANOM.M1 2 1 3OMA) with
the tip of the Antarctic Peninsula rotated 900 and attached to East Antarctica; and at anomaly M22 time, 150 million years ago (ANOM.M22 150
MA) with continents closed together. (Heavy dark line indicates area of back-arc basin postulated by Dalziel 1981)
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which leads us to postulate that the America-Antarctic Ridge
first formed to the north of the old ridge and cannot be consid-
ered to have been the old ridge which slowly changed spread-
ing direction.

The Antarctic Peninsula in its present position has not over-
lapped with the tip of South America since 60-65 million years
ago. It is possible that continental fragments such as the South
Orkney block or South Georgia may have filled part of the gap
between the Antarctic Peninsula and South America but it is
clear that by anomaly 22 time (figure 2) Drake's Passage should
have begun to open. If the basin between East and West Ant-
arctica opened since Mid-Cretaceous time then there could have
been an opening at Drake's Passage as long ago as early Cre-
taceous. Even with the basin between East and West Antarctica
closed, there would have to have been an overlap between the
Antarctic Peninsula and South America during latest Jurassic
(M22, figure 3) and earliest Cretaceous (M12, figure 3). To over-
come that overlap, one must postulate a 90 rotation of the
Antarctic Peninsula as Daiziel and Eliot (1982) have suggested.
However, the Antarctic Peninsula must have been attached to
East Antarctica, otherwise it would have been overrun by East
Antarctica if it had been attached to South America at that time.

The oldest identified magnetic anomalies from the Scotia Sea
are anomaly 10 (30 million years ago) according to Barker and
Dalziel (1983). Although the evidence for tectonic activity in the
Scotia Sea region prior to that has been destroyed, our recon-
structions indicate that Drake's Passage was open at least 15
million years before the present phase of seafloor spreading in
the Scotia Sea began.

This work was supported by DPP 81-17402. The manuscript
was processed by J. Peoples.
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The most successful attempts to obtain suitable Tertiary sec-
tions in the southern ocean have been carried out in the Pacific
sector where Deep Sea Drilling Project (DSDP) leg 29 cored long
Tertiary sequences on the Campbell Plateau and Macquarie
Ridge (Kennett and Houtz 1975). Stable isotope studies of these
sediments documented that the general deterioration of
Cenozoic climates was punctuated by a number of sharp steps

SITE 512

which appeared to reflect global climatic events (Shackleton and
Kennett 1975). One of the most profound of these events oc-
curred during the early Oligocene when, according to
Shackleton and Kennett (1975), the build-up of glacial ice on the
antarctic continent reached a critical threshold and thus initi-
ated antarctic bottom water circulation. Disagreement about the
exact timing and significance of this event (Corliss 1981; Keig-
win 1980; Miller and Curry 1983) led to the acquisition of a
carbonate-bearing sequence across the Eocene/Oligocene
boundary on the Falkland Plateau in the Atlantic sector of the
southern ocean during DSDP leg 71. Site 511 lies at a water depth
of 2,589 meters on the western margin of the Maurice Ewing
Bank (51°00.28'S 46°58.30'W). Site 512 is located on the eastern
margin of the bank at a water depth of 1,846 meters (49°52.194'S
40°50.713'W). Together, these sites provide an almost continu-
ous sequence of carbonate sediments through the Eocene/
Oligocene boundary (figure).

The planktonic foraminifers analyzed from site 511 were a
mixed assemblage of Glohigernia angiporoides and Globigerina aff.
linaperta in varying ratios for each sample. From site 512,
Glohigernia angiporoides and Glohigerina linaperta were used. The
benthic foraminifers from site 511 were a mixed assemblage of
several different genera. The benthic foraminifers analyzed
from site 512 were Cihicidoides parki. Each foraminiferal sample
was analyzed by standard procedures (Williams, Sommer, and
Bender 1977).

Sh ..leton's (1974) equation was used to derive the isotopic
paleotemperature scales shown in the figure, because it is con-
sidered to be more accurate at the low temperatures. These
paleotemperatures are by no means absolute in view of the
various assumptions that must be made regarding the isotopic
composition of oceanic water and potential vital effects in the
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Oxygen isotope variations in benthic and planktonic foraminiferal records in the middle Eocene section of site 512 and late Eocene-early
Oligocene section of site 511, leg 71, South Atlantic. Fairly stable isotopic values characterize the middle Eocene. A clear isotopic enrichment
(inferred temperature drop) occurs in the earliest Oligocene section accompanied by a distinct decoupling between the benthic and planktonic
records (Muza, Williams, and Wise in press).
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foraminifera. Beginning in the middle Eocene (site 512), pal-
eotemperatures derived from oxygen isotopes fluctuated in a
narrow temperature range between 8°C and 12°C (figure) with
no appreciable difference between bottom- and surface-water
temperatures. For the late Eocene and earliest Oligocene of site
511, isotopic paleotemperatures from both planktonic and
benthic foraminifers indicate relatively warm temperatures sim-
ilar to those in the middle Eocene of site 512 (figure). From core
18-1 through core 17-1, latest Eocene surface- and bottom-water
temperatures dropped from about 12.5°C to 8°C (figure). Be-
tween cores 16-1 and 12-1, early Oligocene surface-water iso-
topic temperatures remained at about 11°C, but bottom-water
temperatures at the site dropped sharply from 11°C to less than
3°C, at least an 8°C temperature difference (figure). The drastic
drop in bottom-water temperatures probably reflects the initial
development of the present-day system of bottom waters
known as the psychrosphere (Kennett and Shackleton 1976).
The largest change in bottom-water temperature values oc-
curred within the early Oligocene rather than across the
Eocene/Oligocene boundary as suggested by Keigwin (1980).
An expansion in the antarctic water mass could perhaps explain
the sharp drop and divergence of bottom- and surface-water
temperatures at site 511. The isotopic records at sites 511 and 512
can be correlated with the foraminiferal and radiolarian data
which also suggest a cooling of surface- and bottom-waters at
site 511 and 512 (Basov and Krasheninnikov in press;
Krasheninnikov and Basov in press; Weaver in press).

This research was supported by National Science Foundation
grants DPP 80-23696 to Douglas F Williams and DPP 80-20382 to
Sherwood W. Wise, Jr. The three authors did the field work for
this study in 1981.
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G. truncatulinoides is a rather unique planktonic foraminiferal
species. It originally evolved in tropical-warm subtropical wa-
ters from its ancestor, Globorotalia tosaensis (Takayanagi and
Saito) near the Plio-Pleistocene boundary. Over a million years

later, G. truncatulino ides diachronously expanded its bio-
geographic range into subantarctic and antarctic waters at ap-
proximately 0.5 to 0.2 million years ago, respectively (figure 1)
(Kennett 1970; Vella and Watkins 1975; Williams 1976a). Appar-
ently, the southern boundary of G. truncatulinoides' pal-
eobiogeographic range prior to isotope stage 13 (approximately
0.5 million years ago) was restricted by the subtropical con-
vergence (5TC), a major water mass boundary between sub-
tropical and subantarctic regions and a potential barrier pre-
venting the dispersal of peripheral populations. Determining
how and why this expansion occurred has important implica-
tions for biostratigraphy as well as the paleobiology of for-
aminifera. In addition, documentation of an environmentally
controlled morphological trend in Globorotalia truncatulinoides
(Healy-Williams and Williams 1981; Kennett 1968; Takayanagi,
Niitsuma, and Sakai 1968) has led to interest in determining the
establishment of this trend in the fossil record. The present
study attempts to determine, using Fourier shape analysis
(Ehrlich and Weinberg 1970; Scott 1974, 1975), whether a specif-
ic morphotype or morphological adaptation within this species
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Figure 1. A schematic representation of migrational history and
expansion of G. truncatulinoides' southernmost range boundary
during the Quaternary period as a function of the glacial-interglacial
climatic history of the southern ocean. The southernmost extent of
its paleobiogeographic range was constructed from bio-
stratigraphic range charts from Kennett (1970, 1973, 1975), Vella and
Watkins (1975), Williams (1976a) and from personal sampling of
USNS Eltanin cores E48-28, E48-03 and E49-18 (table). The STC and
PF designate the approximate present-day positions of the sub-
tropical convergence zone and Polar Front Zone, respectively. The
nine cores used in this construction are USNS Eltanin cores E48-28,
E48-03, E49-18 (table), E49-51 (39 000'S 99057'E), E21-14 (49001'S
120004'W), E21-15 (52001'S 120°03'W), E20-14 (53°41'S 102056'W),
E21-16 (54°05'S 119 057'W), DSDP site 265 (53032'S 109057'E) and
DSPD site 207 (36058'S 165026'E). The glacial/interglacial isotope
stages (right axis) and their approximate timing in million years
before present (M.Y.B.P.) (left axis) are taken from Emiliani (1981).

accompanied its niche expansion into higher latitudes. (Cores
used in this study were taken in the 1960s.).

Fourier shape analysis was performed on specimens of G.
truncatulinoides from glacial and interglacial samples over the
last 430,000 years distributed in deep-sea cores located in south-
ern subtropical, subtropical convergence, and central suban-
tarctic regions of the southeast Indian Ocean (table). Bio-
stratigraphic horizons for E48-28 and E48-03 were obtained
from faunal and paleotemperature curves (Williams 1976a,
1976b) and in E49-18 from oxygen isotopic stratigraphy (Hayes,
Imbrie, and Shackleton 1976). Specimens from 20 samples con-
taining an average of 50 specimens per sample were automat-
ically digitized in axial view with a microprocessor-controlled
image analysis system. The digitized outline was used to calcu-
late the first 24 harmonic amplitudes and phase angles of the
closed form Fourier series according to Ehrlich and Weinberg
(1970) and Full and Ehrlich (1982). The second harmonic ampli-
tude is a direct approximation of specimen elongation (Healy-
Williams in press). Maximum entropy histograms (Full, Ehrlich,
and Kennedy in press) show the number of specimens within
various ranges of elongation in glacial and interglacial maxima
over the last 400,000 years (figure 2).

Although G. truncatulinoides occurs 430,000 years ago at sub-
antarctic site E49-18, this species is only present during the
warm interglacial stages 11, 9, 7, and 5. Test elongation is evenly
distributed at the time of its earliest appearances in stages 11
and 9. Approximately 230,000 years ago (stage 7), mean har-
monic 2 amplitude values become more positive, indicating

slightly more elongated individuals. In the core located at the
southern boundary of the STC (core E48-03, 41°S), the initial
morphological characteristics of this species are similar to those
observed in the central subantarctic (E49-18) (figure 2). The
specimens present during intergiacials 11 and 9 exhibit more
conical tests, typical of specimens found north of this region
today (Healy-Williams and Williams 1981). By isotope stage 8,
however (approximately 275,000 years ago), the shape frequen-
cy distributions shift toward more elongated individuals and,
by isotope stage 6, begin to exhibit glacial/interglacial shifts in
the mean harmonic amplitude values similar to those observed
in other late Quaternary cores (Healy-Williams in press). Be-
neath southern subtropical waters (E48-28), frequency distribu-
tions are evenly distributed during isotope stage 10 and exhibit
little or no systematic variation up until isotope stage 7, after
which large systematic shifts occur toward very elongated spec-
imens during glacial intervals (figure 2).

From both these latitudinal and temporal shape frequency
distributions, we can determine that a less elongate, slightly
more conical morphotype was the founding morphotype which
originally expanded into subantarctic waters. Within 200,000
years, the original conical morphotype developed into the elon-
gated morphotype which typifies the subantarctic today. Once
the elongate morphotypes were established in the subantarctic
by approximately 230,000 years ago (stage 7), the next pal-
eobiogeographic range expansion into antarctic waters at 0.20
million years ago (figure 1) was possible. Perhaps the evolution-
ary attainment of an optimum subantarctic morphotype permit-
ted the further expansion of this species' paleobiogeographic
range. These findings also imply that the most common mor-
photypes within a colonizing population are not necessarily the
morphotypes which ultimately dominate the peripheral areas of
a species' biogeographic range.

This research was conducted with partial funds from Na-
tional Science Foundation grants DPP 80-23696 OCE 81-10167 and
OCE 82-08911, and the authors gratefully acknowledge the Na-
tional Science Foundation for its financial support. We thank
Donna Black for typing the manuscript.
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Location of USNS Eltanin piston cores and stratigraphic intervals
used to study the morphological adaptation of Globorotalia trun-

catulinoides

Sediment Water depth	Latitude	Longitude
core	(in meters)	(°S)	(CE)	Isotope stages"

E48-28	3,173	38033'	79'55'	1,2,5,6,7,8,9,10

E48-03	3,868	 10001'	1,2,5,6,7,8,9,11

E49-18	3,256	4603'	9009'	5,7,9,11

a Oxygen isotopic stages after convention whereby even numbers denote
glacial intervals and odd numbers denote interglacial intervals (Emiliani
1981).
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Three continuously cored Deep Sea Drilling Project (DSDP) leg
71 sites drilled in the high latitudes of the southwestern Atlantic
Ocean (sites 511, 512, and 513; see figure 1 of Parker, Arthur,
and Wise, Antarctic Journal, this issue) yielded thick sections of
nannofossil-bea ring sediments of Late Jurassic, Cretaceous,
and Tertiary age. As noted in a more extended treatment of the
coccoliths in these cores (Wise in press), the Oxfordian-lower

Tithonian, Albian, upper Turonian-Maestrichtian, and middle
Eocene-Oligocene assemblages are reasonably diverse for these
latitudes and generally well preserved. In addition, the acquisi-
tion of long, Santonian to lower Campanian, middle Eocene,
and Oligocene sections adds substantially to the record of nan-
noliferous sediments recovered from this region by ARA Islas
Orcadas piston cores and by the previous Glomar Challenger
cruise to the area, DSDP leg 36 (DSDP sites 327, 329, and 330;
figure 1 of Parker et al., Antarctic Journal, this issue). The
Falkland Plateau (figure 1 of Parker et al., Antarctic Journal, this
issue) has now yielded the most extensive record of Jurassic to
Recent calcareous deposition available for study from this re-
gion. Sequences there are especially attractive for coccolith
studies because favorable lit hologies and the exposure of rela-
tively old stratigraphic units near the surface under low over-
burden pressures have enhanced the preservation of older nan-
nofossil assemblages.

High latitude provincial forms are common in the Cretaceous
and Tertiary sections and have prompted the proposal of new
coccolith zones or subzones for the Barremian-Aptian, Albian,

Age	 Zone	 Subzone	 Datum Level

-	Holocene	Emil/an/a huxleyi
late Pleistocene	.,., ..	. .	.	.	 <,FAD Emiliania huxle.

late Oligocene	_rab/$_<>LD Reticulofenestra b,secta bisecra C

E	 Last common Chiasmolithus altus	P
Chiasmo/ithus altus	 -

LAD Retcu/ofenestra umbilica	C
O	 Reticu/ofenestra davies/i	 -

early Oligocene	Claus/coccus fenestratus	
LAD C/aus,coccus fenestratus	C

Blackitesspinosus	
IAD	mo/a:;::

late Eocene	Reticulofenestra oamaruensis	 -
LAD Reticulofenestra oamaruensis	P

LAD C'hias,nol,rhus so/itus	C
middle Eocene	Reticulofenestra umb/Isca	Discoaster 1,/fax	

FAD Reticulofenestra umbilica	C

. ..	.	 LAD Biscutum coronurn	 P
early Maestrichtian-

early Campanian
	B,scutum coronum	 FAD Blscutumcoronumor	P

early Campanian	Marthesterits furcatus	 -
Santonian	Lithestrinus flora/is	

LAD Lithastrinus f/oral/s	 C
Santonian-	 LAD Thiersteinia ecclesiastica	P
Coniacian	Thiersteinia ecclesiaStiCa	

FAD Marthasterites furcatus	C
late Turonian	Kamptnerius magnificus	

FAD Kamptnerius magnificus	C
2 Turonian-late Albian	Elffe/I/thus turriseiffe/i	 -

FAD Eiffel//thus turriseiffeli	CJa	 Biscutum constans 
LAD So/lasites fa/kiandensis	P

early-middleTrano/ithus orionatus	 -
Albian	Prediscosphaera cretacea	

Sol/asites falk/andensis	
FAD Tranolithus orionatus	C
FAD So/las/tes falk/andensis	P

	

I- early Albian- \ ________________________ 
Rhagodiscus asper	

FAD Prediscosphaera cretacea	C
early Aptian	Rhagodiscus angustus	

FAD Lithastr/nus flora/is	 C
early Apti	 P

FAD Parhabdo//thus emberri	C
Vekshine//a stradner/	 -

early Tithonian-	Stephano/ithion sp.	S. bigoti with short lateral spines)	FAD Vekshine//astradners or	C
FAD Stephanolithion sp.	 P

Oxfordian.	Cyc/age/osphaere margere//	 -
21•	Stephano/ithion bigots	 LAD Stephano/ithion hexum	CCallovian.	 Stephano/ithion hexum	 -

FAD Stephano/Ith/on bigoti	C

Figure 1. Calcareous nannofossil zones used in this report. ("FAD" denotes first appearance datum; 'LAD" denotes last appearance datum.)
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Age Zone-	Site	 Site	 Site	 Site	 Falkland Plateau

	

Subzone	511	 512	 513	 514	 Zone—Subzone

	

CN15	1-1	 1-1	 Emil/an/a hux/eyi

CN14b
CN14a
CN13b

CN13a
1-1/35CC	No zone

	

CN12d   	 (eSaton, correlation)
CN 12c
CN12b
CN12a
CN11b

& CN11a
CN lOd
CN1Oc
CN1Ob
CN lOa
CN9b
CN9a
CN8b

1-1/6-1	____________ ____________	No zone

	

CN7b	 (diatom correlation)

CN7a
CN6
CN5b
CPJ5a
CN4
CN3
CN2
CN1c
CN1b

	

CN1a	 13A-1/14A-2	 Cyclicaegolithus ah,sectuo

	

CP19b	 14A-6/16.CC 	- Reocu/ofenestra b,secta
CP19a

	

CP18	 17A-1/28A-3	 Ch,asmolithusaltus
CP17

o	CP16c	2-3/3CC 	- 28A-4/29A,CC 	Ret,culofenesfra dao,es,,

	

CP16b	4-1/4-3	 30A-1/30ACC	 Claus/coccus fenestratus

	

CP16a	4,CC/16-2	 Black,tessp;nosus

	

- - - 
CP15b	17-1/20-3	 Retco/ofnesta oa,oaruens,s
CP15a

	

CP14b	21-1/22CC1

	

- CP14a	 6-1/19CC 2A	 Q,scoaster bifau

B___________

	

Roth, 1978	 This Study

	

EoroZ/	
Site 511	

FUn

Stages ubzone	 Zone—Subzone	 Stages

Cretaceous

65	 - - - Cnbosphaer/7idn,aeNC 3
NC 22 magnum

70	NC 21

- NC 20

	

23-1/28-6	8,scutu,t? coroou,o
75	8	NC 19a	 a

E	 E
NC 18

80	- 28-2/42-5	Marthas(er,tes furcatus	 -
NC 17

•? Sant,	
43-1/45CC	L,thastr,nus floral,s

85 Con	NC 15	46-1/46-4	Th,e,-ste,nia ecclnn,ast,ca

	

NC 14 47-1/48-1	Kansptoerus magn#f/cus

NC 13
- 90	 48-1/49-3	No data

	

NC 12	 I-

<	Cfl0n15011	 Cenom.

Eiffe/l,thus turriseffel,
49-4150-1

NC 10
100 Albian	

Albian
cutumconstans	( 
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105	 ___________	
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62,CC/67 4	Veksh,nella stradner, Zune,Stephanol/thion sp. Zone

	

67-5-70-3	Stephano/ith,uo	Cyclagelosphaera margereli

bgot

	

70 4!70,CC	 Stophanol,th,on he.ocm	 .2

Figure 2. Zonal and geologic age assignments for the Cenozoic and Mesozoic calcareous nannofossil assemblages in DSDP leg 71 cores.

Coniacian-Turonian, and the Oligocene. Severe climatic condi-	came extinct during the Oligocene, there were no newly
tions limited post-Oligocene coccolith assemblages to fewer	evolved cool-water species to replace them. This trend reflects
than one dozen species; thus zonations remain virtually un-	the deteriorating climatic conditions felt in the polar regions at
workable for that part of the column in this area. A summary of	this time.
the coccolith zonation applied to the leg 71 sediments is given in	This research was supported by National Science Foundation
figures 1 and 2 of this paper. The definitions of these zones are	grant DPP 80-20382.
given in figure 1 and notes and comments on the new or modi-
fied zones plus their reference sections are given in the table.	 References
Some of the zonal markers are based on new taxa described
elsewhere (Wise in press).	 Cepek, P., and W. W. Hay. 1969. Calcareous nanrooplankton and bio-

The Oligocene zones listed in the table are all based on last	stratigraphic subdivision of the Upper Cretaceous. Transactions of the
evolutionary occurrences. In the high latitudes, as forms be-	Gulf Coast Association of Geological Societies, 19, 323-336.

Coccolith zones and subzones

Drilling	Depth	Remarks
site	(in meters)

Hole 513A	198-218	None

Hole 513A	218-326	None

Hole 513A	327-337	None

Hole 511	24-27	None

Era	Zone/subzone

Cenozoic	Reticulofenestra
(Oligocene	bisecta
epoch)

Chiasmolithus
altus

Reticulofenstra
daviesii

Clausicoccus
fenestratus
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Litha strinus
flora/is

Thiersteinia
ecciesiastica

Kamptnerius
magnificus

Sollasites
falk/andenis subzone of
the Prediscosphaera
cretacea zone

Rhagodiscus asper
subzone of the
Prediscosphaera
cretacea zone

Tetrapodorhabdus decorus
subzone of the
Chiastozygus /itterarius/
Micra ntho/ithus
hoschu/zi

Hole 511	336-389

Hole 511	396-399

Hole 511	404-414

Hole 511	446-482

Hole 511	471-482

Hole 511	513-524

zone
Seribiscutum salebrosum	Hole 511	528-533

subzone of the
Chiastozygus Iitterarius/
Micraritholithus
hoschu/zi

Coccolith zones and subzones (continued)

Depth	Remarks
(in meters)

Era	Zone/subzone	 Drilling
site

Mesozoic	Biscutum	 None
coronum

Marthasterites	 Hole 511	266-363
furcatus

Wind (1979) originally defined this zone as the total range of B. coronum.
At that time, little was known about the Santonian to upper Campanian of
the high southern latitudes, therefore the range of B. coronum was un-
known, and no reference section was given. From the present study, it
appears that the FAD of B. coronum is in the lower Campanian (core
section 511-28-5). The record at site 511, however, is incomplete, be-
cause dissolution due to a high calcium carbonate compensation depth
prevented the deposition of nannoliferous sediment during most of Cam-
panian time. Just above the FAD of B. coronum is noted the last ap-
pearance of Marthasterites furcatus in sample 511-28-2 (depth 115
centimeters), which contains only dissolution resistant coccoliths. The
range of that species in this section, therefore, appears to have been
truncated by dissolution. It does seem to overlap to some unknown extent
the range of B. coronum as indicated by their co-occurrence over an
interval of some meters in core 511-28. The preservation of the section is
generally poor, however, and the ranges of these and other potentially
important index species in the middle and upper Campanian is virtually
unknown in this part of the world. Rather than selecting only one marker
for the base of the B. coronum zone, therefore, I chose to specify two.
Both boundaries modified from Cepek and Hay (1969) to meet local
requirements. The topmost portion of this zone is probably not repre-
sented at site 511, because the section becomes barren of calcareous
nannofossils upsection in the lower Campanian.

Parker, M. E., M. A. Arthur, and S. W. Wise, Jr. 1983. Carbonate cycles
in the Aptian-Albian "black shales" of the Falkland Plateau. Antarctic
Journal of the U.S., 18(5).

Roth, P. H. 1978. Cretaceous nannoplankton biostratigraphy and
oceanography of the northwestern Atlantic Ocean. In W. E. Benson,
R. E. Sheridan, et al., (Eds.), Initial Reports of the Deep Sea Drilling
Project, Vol. 14. Washington, D.C.: U.S. Government Printing Office.

Wind, F. H. 1979. Late Campanian and Maestrichtian calcareous nan-
noplankton biogeography and high-latitude biostratigraphy. (Doc-
toral dissertation, The Florida State University). Microfilm number
DEM 80-07527.

The upper boundary is modified from Roth's (1978) zone of the same
name which is at a different stratigraphic level than the K. magnificus zone
of Cepek and Hay (1969).
Modified from Wise and Wind (1977) by alteration of the lower boundary.

A new subzone established from the continuously cored section at hole
511. At DSDP holes 327A and 330, it had not been possible to ascertain
the FAD of S. fa/kiandensis because of discontinuous coring.

Seribiscutum salebrosum is a high-latitude form whose stratigraphic
range is not well established, therefore this subzone is highly tentative.
The form identified here as S. salebrosum may also have undergone
diagenetic alteration. Nevertheless, it is distinctive and readily identified in
the local section.

The base of this zone was not observed in hole 511 due to a barren interval
and possibly to a hiatus.

Wise, S. W., Jr. In press. Mesozoic and Cenozoic calcareous nan-
nofossils recovered by DSDI' leg 71 drilling in the region of the
Falkland Plateau, southwest Atlantic Ocean. In W. J . Ludwig, V. A.
Krasheninnikov, et al., (Eds.) Initial Reports of the Deep Sea Drilling
Project, Vol. 71. Washington, D.C.: U.S. Government Printing Office.

Wise, S. W., Jr., and F. H. Wind. 1977. Mesozoic and Cenozoic cal-
careous nannofossils recovered by DSDI' leg 36 drilling on the
Falkland Plateau, southwest Atlantic sector of the southern ocean. In
P. Barker, I. W. D. Dalziel, et al., (Eds.) Initial Reports otthe Deep Sea
Drilling Project, Vol. 36. Washington, D. C.: U. S. Government Printing
Office.
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Cretaceous cores from Deep Sea Drilling Project (DSDP) leg 71,
site 511, drilled on the eastern Falkland Plateau (51° 00.28' S 46°
58.30' W; figure 1), were examined via carbonate, organic car-
bon, stable isotope, nannofloral, and ultrastructural analysis in
an attempt to determine the mode of origin of thin but discrete
pelagic limestone beds intercalated among the black mudstones
(figure 2) near the top of the extensive Mesozoic "black-shale"

sequence of the Falkland Plateau. The "black shales" are of
interest because of their paleoenvironmental significance and
their potential as a source rock for petroleum in and around the
South Atlantic Basin. This article is a synopsis of a more ex-
tended work that has been submitted for publication elsewhere
(Parker et al. in press).

The Falkland "black-shale" sequence was deposited at shal-
low, shelf-break water depths, probably no greater than 400
meters (Basov and Krasheninnikov in press; Sliter 1977). Black
mudstones are the dominant lithology among the cycles. This is
in contrast to Cretaceous "black shales" developed at more
northerly DSDP sites, which were deposited at bathyal or abyssal
depths. There carbonate beds dominate the cycles in the pre- to
mid-Albian before giving way to multicolored claystones above.
The periodicity of the Falkland Plateau dark/light cycles is at
least 100,000 years, but these cycles do not appear to be as
regular as those at many other Atlantic DSDP sites. The pelagic
limestone beds in the Falkland Plateau "black-shale" sequence
could represent either periodic incursions of normal open
ocean floras during brief periods of ventilation of surface waters
in an otherwise anoxic sedimentary basin, or, alternatively,
episodes of upwelling and overturn of the water column in the
basin, which would enrich otherwise nutrient-poor surface
waters.

Nannotloral analysis revealed that the diversity of the as-
semblages was rather high in both the black mudstones and the
whitish limestones. Opportunistic species were not present in
either in numbers beyond normal background levels. Preserva-
tion of coccoliths was surprisingly good among the black
mudstones and there was little evidence that wholesale dissolu -

Figure 1. Location of DSDP leg 71, site 511, Falkland Plateau.
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tion of the carbonate had occurred. The primary variant was in
the absolute numbers of coccoliths, with the limestones being
coccolith-rich and the black mudstones coccolith poor. Because
both the preservation of the nannofossils and the diversity of
the assemblages indicate that little biogenic carbonate was lost
due to dissolution, the occurrence and abundance of coccoliths
in the sequence must be a function of the productivity of the
surface waters. The simplest explanation for these variations
seems to be short-lived nutrient events resulting from upwell-
ing and overturn in the expanding South Atlantic basin.

Stable isotope measurements of carbonate (i°C) do not ade-
quately constrain the origin of the cyclicity. The 8 11C data sug-
gest that more nannofossil-rich intervals may be due to higher
nutrient supply and overturn of deeper waters at the site. The
overturn of surface and deeper waters could have oxygenated
bottom waters, leading to oxidation of organic carbon and over-
all lower organic carbon values in the lighter-colored, relatively
more carbonate-rich intervals. A corollary of this interpretation
is that periods of lower productivity were due to a more stably
stratified water column, development of low oxygen conditions
in intermediate water masses, and consequent increased pre-
servation of the organic matter that was produced in the surface
layers.

Episodes of upwelling and overturn of the water column,
rather than influxes of well-oxygenated waters into an other-
wise anoxic environment are, therefore, suggested by both the
nannofloral and isotopic analyses as a possible mode of origin of
the thin but discrete pelagic limestone beds intercalated among
the Falkland Plateau Aptian-Albian black mudstones. This in-
terpretation seems reasonable and does not violate the con-
straints of available data.

We thank Chiye R. Wenkam at the U.S. Geological Survey in
Denver for her assistance in running the geochemical analyses.

This research was supported by National Science Foundation
grant DPP 80-20382.
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During April of 1978, a series of ARA Islas Orcadas cruise 16
piston cores were taken along the heavily eroded northern
margin of the Maurice Ewing Bank on the eastern Falkland
Plateau (Wise et al. 1978) in order to trace the outcrop belt of
older (pre-Pliocene) sediments thought to be exposed there
(Ciesielski and Wise 1977). Basal sediments of the thirteen
piston cores taken along the northern margin range from Pal-
eocene to Miocene in age (Jones et al. 1979) and suggest the
presence of a high latitude Paleocene to Oligocene section of
mixed calcareous-siliceous oozes in excess of 200 meters thick.

It was originally hoped that Deep Sea Drilling Project (DSDP)
site 512 could be located at a shallow depth (about 1,500 meters)
somewhere along the steeply sloping northern margin of the
Maurice Ewing Bank so that the exposed Oligocene-Paleocene
section could be sampled by hydraulic piston core. Unfor-
tunately, lack of adequate seismic profiles did not allow suffi-
cient evaluation of potential hydrocarbon hazards, and the site
was eventually relocated some distance to the southeast in
about 1,850 meters of water where the older sediment section is
more abbreviated (see figure 1 of Parker et al., Antarctic Journal,
this issue).

Nevertheless, the Islas Orcadas piston cores in the vicinity of
the initially proposed drill site do provide a valuable insight into
the nature of the sediments higher up on the Maurice Ewing
Bank. Among those cores are four which can be correlated
closely with the middle Eocene and lower Oligocene sections
cored at DSDP sites 512 and 511 respectively. The calcareous
nannofossil stratigraphies of these cores are given in figures 1
and 2. These figures and the following synopsis are taken from
a more extended article by Wise and Mostajo (in press).

Correlation of middle Eocene piston and drill cores from the
Maurice Ewing Bank suggests the following sequence of cal-
careous nannofossil datums within or bounding the Discoaster
bifax Subzone of the Reticulofenestra umbilica Zone in this area
(listed in descending stratigraphic order):

Last appearance datum: Chiasmolithus solitus
First appearance datum: Reticulofenestra hisecta bisecta
Last appearance datum: Sphenolithus furcatolithoides
First appearance datum: Reticulofenestra umbilica

Since the entire Discoaster bifax Subzone was not drilled or cored
at any one locality, we cannot ascertain the reliability of these
datums in this region. Further drilling would be required. Nor
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Note: V = very abundant; H = highly abundant; A = abundant; C = common; F = few; R = rare; fr = fragment; P = poor; M = moderate; G = good; E = etched; 0 =
overgrown; Fl = flow-in. Abundances in lowercase denote reworked or contaminant specimens.a Cyclicargolithus sp.

Figure 1. Distribution of middle Eocene calcareous nannofossils in ARA Is/as Orcadas cores 16-43, 16-44, and 16-46.
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Figure 2. Distribution of early Oligocene calcareous nannofossils In ARA Islas Orcadas core 16-45.

can we ascertain the duration of time encompassed by the
Discoaster bifax Subzone in this region. Based on Bukry's (1973a)
calculations, the subzone spans only about 1 million years. If
that is correct, then the sedimentation rate at site 511 during that
time would have been a phenomenal 70 meters per million
years (Wise in press). An alternative explanation is that the
interval actually spans a greater amount of time. Perhaps
Chiasmolithus solitus persisted longer in the higher latitudes than
in the tropics where Bukry's (1973b) zonation is grounded. If
that were so, then the subzone would encompass a greater
amount of section.

Many of these questions could best be answered by further
drilling in the vicinity of the Is/as Orcadas piston cores discussed
here. The section there is shallower and is far more calcareous in
the Oligocene than the equivalent section at DSDP site 511. In
addition, exposure of progressively older sediments down the
long northern slope of the Maurice Ewing Bank places the entire
Tertiary section within sampling range of the hydraulic piston
corer. The acquisition of such a section would be of great value
to high latitude biostratigraphy.

This research was supported by National Science Foundation
grant DPP 80-20382.
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During 1983, a marine geologic survey of the Marie Byrd
Land continental shelf between 150°W and 160°W was con-
ducted using the usccc Glacier. Twenty-two stations were oc-
cupied, including 20 piston-coring stations and two bottom-
grab sample stations (the table and figure 1). Bathymetric data
were also collected, and a detaited bathymetric map of the area
is presently being constructed.

Three deep basins occur on the continental shelf: Colbeck
Basin, Saunders Basin, and Sulzberger Basin (figure 1). These
basins are deepest near the continent, reaching depths of up to
1,200 meters, and have U-shaped cross-sectional profiles. They
are therefore similar to the glacial troughs that are so wide-
spread on the antarctic continental shelf and are assumed to
have been eroded during past glacial maxima. Piston cores were
collected from these basins to test this hypothesis. Diamictons
recovered in these piston cores will be analyzed for physical
strength, textural properties, stratification, pebble fabric, and

Station Information"'

WATER	PISTON CORE
STATION LATITUDE LONGITUDE DEPTH(m)	LENGTH(m)

14	780 28.8 5	164008.64	601m	 2.79m

7	77043.1'S	159045.54	229m	 0.61m

18	770264S	15900424	376m	 0.80m

19	77019.2'S	I58042.04	770m	 2.25m

21	76°53.6'S	158002.34	157m

22	76°57.3'S	157006.84	530m	 0.88m

23	76059S	1560366W	393m	 0.74m

24	76°55'S	155°34.6W	216m	 107m

25	76°569'S	1550 30.44	915 	 0.25m

26	76°57.2S	1550 36-34	1207m

28	76049.8'S	152030.6'W	1024m	 2.75m

29	76043.5S	1520 39.54	933m	Bag Samples

30	76°35.8'S	1530II.34	643m	Bog Samples

31	76035.8'S	154005.94	713m	 039m

32	76°36S	155033.3'W	373m	 044m

33	76°38.6'S	156021.54	787m	 0.88m

34	76042.7'S	156014.9'W	677m	 062m

35	76°26'S	1570524	549rn	 1.68m

36	76°24'S	1570554	808m	 2.78m

37	7602I.5'S	157°46.7'W	1390m	3.0Im

39	76°28'S	157052'W	347m	Bog Sample

45	76°512S	1750563'E	330m	 035m

a No trigger core samples were taken. Grab samples were taken at all
stations except 35 and 39.

• PISTON CORE STATION
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Figure 1. Piston core and bottom grab sample locations. [Stations 14 and 45 are located in the Ross Sea (table) and are not shown on this map.]
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Figure 2. Surface sediment distribution map for the Marie Byrd Land continental shelf ("cGM' denotes compound glacial marine sediment, "zc"
denotes silty clay, and "s' denotes sand).

mineralogic- and rock-fragment content to determine if they
are, in fact, basal tills deposited by grounded ice. If so, pe-
trographic analyses will be conducted to reconstruct pal-
eoglacial flow lines. Core recovery on the inner shelf was rather
poor, and sediments may have been eroded from the inner shelf
during the previous glacial maxima.

Surficial sediments in the area are of three types: sand, silty
clay, and compound glacial-marine sediments. The latter sedi-
ment type consists of marine current-derived silt and clay and
iceberg-derived silt, sand, and gravel. The ice-rafted compo-
nent of surficial sediments decreases markedly from east to
west away from Sulzberger Ice Shelf (figure 2). This implies that
icebergs calved from the ice shelf contain debris and that these
icebergs drift offshore, rather than to the west. Silty clays of the
area contain less than 5 percent ice-rafted debris and reflect
very quiescent bottom conditions at depths below approx-
imately 300 meters. At shallower depths, sands and muddy

sands blanket the seafloor and indicate much stronger bottom-
current activity (Anderson, Brake, and Myers in press).

Two helicopter flights were conducted in the northernmost
Alexandra Islands. Glacial striations were observed on
nunataks to elevations of approximately 400 meters, or at least
50 meters higher than the present glacial surface.

This research was supported by National Science Foundation
grant NSF-DPP 81-16623. Participants in the piston coring project
include John B. Anderson, Barbara Andrews, Rob Dunbar,
Scott MacDonald, Julie Wiles, and Robyn Wright.
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Occurrence of Pseudammodochium
from the subbottom sediments of the

Ross Ice Shelf

HsIN Yi LING

Department of Geology
Northern Illinois University

DeKaIb, Illinois 60115

Occurrence of Lorica or Podarnphora stage is a unique phe-
nomenon among some ebridians (a siliceous protozoans). The
true nature, whether it is part of a developmental (ontogenic)
state or merely a hypersiliceous encystment of individuals,
remained unsolved until now (Deflandre 1932a, 1932b, 1932c;
Gemeinhardt 1931; Hovasse 1932a, 1932b, 1932c). Specimens of
these forms, both with and without Lorica (or Podamphora stage),
were generally reported from the same samples or at the same
time. I also observed and/or documented these specimens from
the circum-North Pacific regions (Ling 1971; Ling and Kim in
preparation), submarine deposits recovered in the North Pacific

Figure 1. Index map showing Ross Ice Shelf Project (RIsP) site J-9
1977-1978 and the drilling location of the McMurdo Sound Sediment
and Tectonic Studies (MssTs) of the Ross Ice Shelf.

and North Atlantic (Ling in press) during the Deep Sea Drilling
Project.

However, during the examination of cored sediments from
the subbottom of the Ross Ice Shelf of Antarctica (figure 1),
specimens that can be referred to as Pseudammodochium dic-
tyoides (Hovasse) are recognized, and they are almost ex-
clusively of those with Lorica or Podamphora stage.

RISP (Ross Ice Shelf Project) samples. Among the cored sedi-
ments from site J-9 (82°22.5'S 168°37.5W) of 1977-1978, 17
samples from the three longest cores (8, 9, and 10) (Webb 1978)
were examined for their siliceous microfossil contents (figure 2,
table 1). Radiolarians were completely absent from these sam-
ples; Miocene age for the sediments of lower lithological unit
was already suggested (Ling and White 1979).

MSSTS (McMurdo Sound Sediment and Tectonic Studies) samples.
This drilling project was proposed and carried out mainly by
scientists from New Zealand after the conclusion of the dry
valley drilling project (DVDP) (McGinnis 1981) with the broad
objectives of unraveling the Earth history of the east antarctic
ice sheet and its possible relationship with the development of
the Transantarctic Mountains. The coring operation was carried
out from 21 October to 22 November 1979, at 77°33'25.83"S
164°23'12.85"E with water depth of 196 meters (see figure 1).
After the drilling reached the depth of 229.6 meters (73 cores),
the operation was prematurely terminated by sea-ice conditions
(Pyne and Waghorn 1980).

Among 32 samples examined for the siliceous microfossils,
only four samples contained silicoflagellates and/or ebrididians
(figure 2, table 2). The microfossils recovered from the samples
were too few and generally too long-range to provide any defi-
nite geological age for the sediments; however, based on the
RISP results, I suggest a minimum age of Miocene for the basal
part of the cored sediments where these siliceous microfossils
were encountered.

Investigations of these subsurface sediments from the Ross
Ice Shelf record the southernmost occurrence of genus
Pseudoammodochium for the first time. Furthermore, it is inter-
esting to note here that the specimens referred to the present
genus are all double skeletons of unequal size, and all are with
Lorica or Podamphora stage. This is a sharp contrast to the pre-
vious records by Deflandre (1932a, 1932b, 1932c) and Hovasse
(1932a, 1932b, 1932c) where the majority of specimens in the
illustrations are generally without Lorica or double skeleton of
equal size.

Special thanks are due to Dennis S. Cassidy of the Antarctic
Research Facility of the Florida State University for providing
the RISP J-9 cored samples. Special thanks are also due to New
Zealand scientists who kindly invited me to participate in the
MSSTS project and furnished the samples upon which the study
was based. This research was supported by National Science
Foundation grant DPP 79-11304.
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Figure 2. Sliicofiageilates and ebridlans from the subbottom of the Ross ice Shelf. Taxonomic names, core numbers, depth intervals, slide
numbers, loca locations with England Finder coordinates, and magnifications are: (1) Dlstephanus speculum Ehrenberg (short spine)-core
number 77-8, depth intervals 40-43 centimeters, slide number L-2, ioca location 045/0, magnification x 500; (2) MesocenapappllBachmann-
core number 77-8, depth Intervals 83-86 centimeters, slide number L-2, ioca location D14/3, magnification x 500; (3) Mesocena pappil
Bachmann-core number 77-10, depth intervals 16-19 centimeters, slide number L-2, ioca location J21/4, magnification x 500; (4)
Pseudammondochium dictyoldes Hovasse-core number 77-10, depth intervals 80-83 centimeters, slide number L-2, loca location D18/0,
magnification x 640; (5) Pseudammodochlum sp. cf. P. dictyoldes (?) Hovasse-core number 77-10, depth interval 80-83 centimeters, slide
number L-2, ioca location H17/0, magnification x 640; (6) Pseudammodochium sp. cf. P. dlctyoldes (?) Hovasse-core number 77-10, depth
Intervals 16-19 centimeters, slide number L-2, loca location P11/1, magnification x 640; (7) Dictyocha fibula Ehrenberg-core number 59-5,
depth Intervals 17-19 centimeters, slide number L-2, ioca location K8/3, magnification x 500; (8) Dlstephanus speculum Ehrenberg (short
spine)-core number 71-4, depth intervals 41-45 centimeters, slide number L-2, ioca location Y32/2, magnification x 500; (9) Dlstephanus
speculum Ehrenberg (normal form)-core number 71-4, depth intervals 41-45 centimeters, slide number L-4, loca location R18/4, magnifica-
tion x 500; (10) Ammodochlum rectangulare Schulz-core number 59-5, depth intervals 17-19 centimeters, slide number L-4, loca location
M39/2, magnification x 640; (1 1) Ammodochlum rectangulare Schulz (double skeleton)-core number 71-4, depth intervals 41-45 centimeters,
slide number L-4, ioca location 020/0, magnification x 640; (12) Pseudammodochlum dlctyoldes Hovasse-core number 71-4, depth intervals
41-45 centimeters, slide number L-3, loca location J8/4, magnification x 800; (13) Pseudammodochlum sp. cf. P dlctyoides(?) Hovasse-core
number 59-5, depth intervals 17-19 centimeters, slide number L-2, ioca location M30/4, magnification x 640.
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Table 1. Distribution of silicoflagellates and ebridians from the Ross Ice Shelf Project RIsp	coresa

Core number
(interval in

centimeters)

Distephanus
speculum

Distephanus	Mesocena
speculum	pappii

(short spine)

Taxa

Pseudammodochium
dictyoides

Pseudammodochium sp. cf.
P dictyoides

8 (14-17)
8 (27-30)
8 (40-43)
8 (57-60)
8 (67-70)
8 (75-78)
8 (83-86)
8 (90-93)
9 (8-11)
9 (35-38)
9 (63-66)
10 (5-8)
10 (16-19)
10 (30-33)
10 (52-55)
10 (72-75)
10 (80-83)

a Based on a 200 specimen count. "A" denotes abundant, "C" denotes common, "F" denotes few, 'R" denotes rare, "+" denotes single specimen.

Table 2. Occurrence (number of specimens) of silicoflagellates and ebridians from the McMurdo Sound Sediment and Tectonic Studies (MssTs)

Taxa
Interval	Subbottom

Core	(in centi -	depths	Dictyocha	Distephanus	Ammodochium	Pseudammodochium	Pseudammodochium
number	meters)	(in meters) fibula	speculum si.	rectangulare	dictyoides	sp. cf. P dictyoides

53-1	29-31	159.79-159.81	-	 2	 -	 -	 -
59-5	17-19	185.45-185.47	3	 2	 4	 1	 2
69-2	55-58	215.54-215.57	-	-	 1	 -	 -
71-4	41-45	222.25-222.29	-	 8	 4	 2	 2
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Circumpolar studies_______________________

Antarctic circumnavigation cruise,
1983

OSMUND HOLM-HANSEN

Polar Research Program
Scripps Institution of Oceanography
University of California-San Diego

La Jolla, California 92093

ALBERT S. CHAPMAN

Office of Oceans and Polar Affairs
Bureau of Oceans and international Environmental

and Scientific Affairs,
U.S. Department of State
Washington, D.C. 20520

The primary purpose of the antarctic circumnavigation cruise
was to enable a four-person team of U.S. antarctic observers to
visit foreign scientific stations in East Antarctica, a part of the
continent only occasionally visited by U.S. ships and person-
nel. This aspect of the cruise is described by Chapman (Antarctic
Journal, this issue). The cruise track (figure 1) was of much
interest because it offered opportunities for continuous scien-
tific observations at high latitudes, in contrast to most cruise
tracks in the Antarctic which are usually parallel to a meridian
(i.e., in a north-south direction). This cruise track gave scientists
on board four rare opportunities for study. (1) The cruise track
included the southern Pacific and Indian Oceans, areas which
are seldom traversed by U.S. research vessels. (2) We spent
much time over the continental shelf, making some transects
across the shelf break into deep waters. (3) Biological studies
could be correlated with ice cover, because although we trav-
elled close to the ice edge most of the time, we also made some
transects through heavy pack ice (1 to 2 meters) and some
through open water far from the ice edge. (4) The cruise track
was generally in or close to the Antarctic Divergence Zone and
the East Wind Drift.

There were five scientific programs on board the vessel: dis-
tribution of marine mammals, bird observations, chemical
oceanography, microbial studies, and marine mammal detec-
tion using a towed acoustic array. These programs are briefly
described in other articles in this issue. In addition to these
programs, we also collected air samples once or twice a day off
the bow of the ship for analysis of total carbon dioxide by the
National Oceanic and Atmospheric Administration (NOAA) lab-
oratories in Colorado. This is part of NOAA's long-term program
of monitoring worldwide levels of carbon dioxide and deter-
mining the possible consequences on human life.

From the time the ship departed McMurdo (21 January 1983)
until we stopped at General Belgrano Station (southernmost
station in the Weddell Sea) on 19 February, the scientific teams
could make only relatively minor changes in the cruise track or
ship speed because of the observer team's need to accomplish
the primary mission of the cruise. During this time, the scien-
tific programs were able to use the hydrographic winch to get
samples from a depth of 200 meters at three stations. Beyond
General Beigrano Station, however, the ship was at the disposal
of the scientific group, and much work was accomplished in the
Weddell Sea.

Two other research vessels were encountered by the USCGC
Polar Star during its circumnavigation cruise. On 13 February we
met Polar Circle (Norwegian ownership with Canadian regis-
try), which has been leased by India to support their antarctic
operations, and we had the opportunity to meet with the chief
scientist from the Indian base and some of his colleagues. On 20
February Polar Star "parked" on a large ice floe at about 77° 12' S
and 38° 34' W (figure 2) and was soon joined by FS Polarstern, the
new icebreaker-research vessel from the Federal Republic of
Germany. Scientists and crew members from both vessels had
the opportunity to visit the others' ship.

15O	 tSO

Figure 1. Cruise track of the USCGC Polar Star which departed Pal-
mer Station 27 December 1982 and returned 69 days later on 6 March
1983. The 14 circles Indicate scientific bases visited by the observer
team.
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Figure 2. Photograph of the LJSCGC Polar Star parked on an ice floe in
the southern Weddell Sea, affording all on board a little ice-freedom
and, for some, a little golf and soccer.

Polar Star dropped anchor in Arthur Harbor, Anvers Island,
on 6 March thus completing the circumnavigation of the con-
tinent in 69 days. We left Palmer Station on 7 March with 11
additional scientists on board and disembarked at Punta
Arenas, Chile, on 10 March.

We were fortunate throughout the entire cruise to have had
calm seas, much sunshine, and no serious breakdown of equip-
ment. We gratefully acknowledge the splendid help and coop-
eration of Captain Joseph Smith and all officers and crew of Polar
Star who made this cruise successful and enjoyable.
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Population densities of seals and
whales observed during the 1983

circumnavigation of antarctica by the
USCGC Polar Star

A. W. ERICKSON, M. B. HANSON, and D. M. KEHOE

School of Fisheries
College of Ocean and Fishery Sciences

University of Washington
Seattle, Washington 98195

From 21 January to 6 March 1983, seal and whale censuses
were conducted in the southern ocean during the circum-
navigation of Antarctica by the USCGC Polar Star. The whale
censuses were conducted from the loft conning tower of the
Polar Star located 105 feet above the water surface. The censuses
were conducted continuously during all daylight hours except
during periods when sea conditions exceeded a Beaufort 4 sea
state (see table 1). Team members alternated as observers at 2- to
3-hour intervals. Counts of whales were limited to transects
extending to either side of the ship's course dependent upon
sea-state conditions. Sea-state transect widths to either side of
the ship are shown in table 1. Transect distances were deter-
mined by sighting boards (Siniff, Cline, and Erickson 1970).

Censuses of seals were confined to pack-ice areas and in-
cluded shipboard surveys and aerial surveys by helicopter. The
shipboard surveys consisted of counts of seals observed in
transect strips extending to '/8 nautical mile on either side of the
ship's passage through pack-ice areas. Aerial censuses consis-
ted of transect strips flown directly south from the ice edge into

the ice pack. Aerial transect strips measured ¼ nautical mile to
either side of the survey helicopter and were flown at an eleva-
tion of 250 feet. Erickson conducted all counts from the co-
pilot's seat, and another team member recorded the observa-
tions and conducted ice classifications along strips.

Seventeen aerial transect surveys were flown, and 584 square
nautical miles of pack ice area were censused (table 2). Totals of
2,727 seals, 1,188 penguins, and 31 minke whales (Balaenoptera
acutorostris) were observed during these censuses. Seal density
was 4.7 per square nautical mile; species composition was 70.5
pecent crabeater seal (Lobodon carcinophagus), 24.7 percent Wed-
deli seal (Leptonychotes weddelli), 3.5 percent leopard seal
(Hydrurga leptonyx), and 1.3 percent Ross seal (Ommatophoca
rossi).

Shipboard censuses of seals totaled 445 square nautical miles
distributed over 33 geographic areas (table 3) and yielded
counts of 2,005 seals, 5,027 penguins, and 121 minke whales.
The average seal density in these censuses was 4.5 per square
nautical mile; species composition was 87.1 percent crabeater
seal, 7.8 percent leopard seal, 3.7 percent Weddell seal, and 1.4
percent Ross seal.

Table 1. Beaufort sea state conditions and transect widths

Sea condition
Port & starboard

Beaufort	Wind velocity	Wave height	transect widths
sea state	(in knots)	(in feet)	(in nautical miles)

0—i	 0	 1.50
1-3	 1	 1.00
4-6	 2	 0.75
7-10	 3	 0.50

11-16	4-5	 0.25
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47.90
29.50
26.55
44.30
35.75
23.80
25.45
18.65
43.80
57.45
26.65
34.25
36.55
37.25
30.30
33.15
33.00

584.30

124
96
49

536
408
214
486
166
75
47
68

113
120
151

18
7

49
2,727

2.59
3.25
1.85

12.10
11.41
8.99

19.09
8.90
1.71
0.82
2.55
3.30
3.28
4.05
0.59
0.21
1.48

4.67

Table 2. Seals, whales, and penguins observed during aerial pack ice surveys during the 1983 circumnavigation of Antarctica by the USCGC

Polar Star

Midcensus

	

position	 Seals	 Penguins

Census Date	 Crab-	 Minke
number (1983)	Longitude	Latitude eater Leopard Weddell Ross Unknown whale Adélie Emperor

1/30	113°30'E	65030'S	53	23	42
	

6
	

0
	

4
	

0
	

0
2/3	8323'E	65048'S	84	7	4

	
0
	

2
	

3
	

0
2/8	47029.0'E 6642.9'S	4	2	36

	
2
	

5
	

7
	

25
	

28
2/9	45030.7'E	67027.4'S	328	5	202

	
0
	

192
	

10
2/12	18025.5'E	69032'S	392	3	6

	
7
	

0
	

0
	

195
	

5
2/14	040 12.6'E	70000.7S	182	16	6

	
8
	

2
	

2
	

27
	

3
2/16	08007.7'W 70031.9'S	445	26	8

	
7
	

0
	

0
	

31
	

333
2/19	35058.2'W 77039.8'S	0	0	166

	
0
	

0
	

0
	

0
2/21	39057.5'W 77004'S	47	0	28

	
0
	

0
	

0
	

0
	

0
2/21	39023.4'W 76°58.8S	19	0	27

	
0
	

0
	

0
	

2
2/22	34008.5'W 75006.3'S	31	0	36

	
0
	

0
	

0
	

56
2/22	34039.9'W 74°46.1 'S	99	3	9

	
0
	

2
	

43
2/22	34046.8'W 74023.7S	19	1	100

	
0
	

0
	

52
	

66
2/23	2836.5'W 71 049.2'S	146	3	0

	
2
	

0
	

5
	

34
2/23	29023'W	71029'S	15	3	0

	
0
	

0
	

6
	

10
	

2
2/23	30013'W	71033'S	4	3	0

	
0
	

0
	

4
	

3
2/24	39053.0'W 69059.7'S	48	0	0

	
0
	

0
	

50
	

3
Total	1,916	95	670

	
36
	

10
	

31
	

622
	

566

	

Species density per square	3.28	0.16	1.15
	

0.06
	

0.05
	

1.06
	

0.97
nautical mile

Seals
Area	 per

censused	square
(in square	naut-
nautical	Total	ical
miles)	Seals	mile

The seal density data developed by the aerial and shipboard
censuses were essentially the same; however, the species com-
position of the two types of census was different. The higher
observed density of crabeater seals and leopard seals in the
shipboard census is the result of the concentration of these
censuses along the outer ice limits, a region of higher crabeater
and leopard seal densities (Siniff et al. 1970; Gilbert and
Erickson 1977).

As shown in tables 2 and 3, the gross seal density and species
composition data developed in 1983 for sample areas dis-
tributed around the antarctic continent showed considerable
variation. These characteristics have been observed in previous
surveys including intensive surveys limited to specific regions
of antarctic pack ice such as the Weddell Sea (Siniff et al. 1970),
the Amundsen and Bellingshausen Seas and the Oates and
George V Coasts (Gilbert and Erickson 1977), and the Adélie,
Clairie, and Banzare Coasts (Erickson et al. 1974). Additional
analysis and comparison of the several bodies of data will be
required to discern possible changes in the abundance and
species composition of seals observed between census periods
for specific antarctic areas. Overall, however, it appears that the
density of seals observed in the 1983 surveys tends to be lower
than observed in surveys conducted earlier. This difference is
believed to be largely attributable to the fact that the census data
of the earlier periods resulted from specifically designed cen-

suses which were limited to specific areas and conducted at
particular times of the day. By contrast, the 1983 surveys were
conducted as time and opportunity permitted. The most sig-
nificant factor influencing the 1983 census results was the fact
that very few of the censuses were centered on the midday
period when the peak haulout of seals on the ice occurs. Correc-
tion of the data for this factor is expected to raise the current
overall density figures to values approximating the norms of
previous years.

A total of 5,937 square nautical miles of whale census was
performed during 42 census periods. These surveys yielded a
count of 626 whales representing seven species (table 4). Whale
density was one whale per 9.5 square nautical miles. By species,
80.3 percent were minke whales, 10.2 percent killer whales
(Orcinus orca), and 6.7 percent humpback whales (Balaenoptera
novaeangliae). The remaining whale species observed on survey
included seven southern bottlenose whales (Hyperoodon
planifrons), two blue whales (Balaenoptera musculus), one sei
whale (Balaenoptera borealis), and one bull sperm whale (Physeter
macrocephalus). A number of other whales were observed during
nonsurvey periods including an observation of two groups of 30
to 40 pilot whales (Globicephala sp.) observed on 4 March at
latitude 60°44.9S and longitude 55°51.2'W.

This research was supported by National Science Foundation
grant DPP 82-10588.
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0

0
5
5

4
0
6
0

63

0.14

0
0

0
0
4
0
0
0
0

3
0
0
0
0
4

0
2
0
0
0
0
0
0
0
0
2
0
0
9

27

0.06

0
0
0

0
2
4
0
0
0

0
0
0
0
0
2
0

0
0
2
0
0
0

4

0
2
0

22

0
3

12

8
2
8
7
6
0
9

34
0
2
0
6
0

20
4

5
0
0

0
56

8
7
8
0

12
0

220

0.49

2:10
0:50
6:20
9:00
9:00
4:40
1:00
2:20
2:00
6:00
3:00
7:00
1:00
1:10
1:00
1:40
3:20
4:40
3:00
3:00
1:00
3:00
2:20
4:20
8:00
9:20

11:40
11:20
14:20
3:20

10:00
3:20

154:00

6.35
2.60

12.6
22.9
30.8
13.4
4.0
6.0
9.1

21.0
19.1
23.9

3.3
3.1
1.9
5.2

11.1
14.9
4.8
6.1
1.3

11.2
8.0

13.2
17.4
23.5
27.9
32.5
37.3
12.6
26.3
11.7

445.0

Table 3. Seals, whales, and penguins observed during shipboard pack-ice surveys during the 1983 circumnavigation of Antarctica by the USCGC Polar Star

Midcensus position	 Seals	 Penguins	 Seals per
Total

census Area censused	Square
Census	Date	 Crab-	 Minke	 (hours:	(in square	 nautical
number	(1983)	Longitude	Latitude	eater Leopard Weddell	Ross	Unknown	Total whales Adélie Emperor	minutes)	nautical miles)	Hour	mile

'.0

1/21	16605.0'E	770 19.1'S	0	0
2
	

1/21-22	16932.2'E	75032.6'S	0	0
3
	

1/24	16054.5'E	6911.1S	0	0
4
	

1/25	160055.7'E	6850.9'S	8	2
5
	

1/26	15656.3'E	6556.2S	96	5

6
	

1/30	11331.8'E	6517.2'S	11	9
7
	

1/31	109019.2'E	65049.6'S	5	4
8
	

2/1	9854.0'E	6418.0'S	2	1
9
	

2/2	90051.7'E	6538.3'S	1	1
10
	

2/3	8111.1'E	6542.4'S	26	3
11
	

2/4	7608.4'E	67056.1'S	12	1
12
	

2/4	77032.7'E	67040.7'S	7	0
13
	

2/5	77025.5'E	6651.3'S	1	1
14
	

219	45027.7E	670 16.4'S	40	0
15
	

2/9	45026.7'E	67021.0'S	13	0
16
	

2110	4013.2'E	68007.6'S	4	0
17
	

2/11	3057.6'E	68047.3'S	32	0
18
	

2/12	1302.4'E	6925.5'S	47	3
19
	

2/14	346.8'E	70001.7'S	51	3
20
	

2/15	239.3'W	6956.9'S	100	7
21
	

2/16	8°09.1'W	70°30.1'S	12	0
22
	

2/17	20043.3'W	7306.3'S	5	0
23
	

2/18	32046.0'W	7649.7'S	0	0
24
	

2/20	39036.6'W	77002.3'S	0	1
25
	

2/21	40052.0'W	7653.1 'S	0	0

26
	

2/22	33012.8'W	75024.4'S	68	0
27
	

2/23	30013.1'W	720 19.7'S	57	1
28
	

2/24	41013.9"W	7020.2'S	22	3
29
	

2/25	4802.0'W	68046.2'S	185	4
30
	

2/26	45028.8'W	6553.5'S	9	0

31
	

3/2	5503.0'W	6358.1'S	346	41
32
	

3/3	5622.1'W	63036.0'S	574	64

	

Total 1,734	154

Species density per
square nautical mile	3.90	0.35

	

0	0	142

	

2	0	5

	

6	1	5

	

11	1	53

	

102	17	50

	

28	21	21

	

16	4	141

	

4	0	12

	

5	4	80

	

29	23	187

	

22	0	201

	

20	3	192

	

2	0	0

	

40	4	17

	

13	0	10

	

4	4	45

	

37	0	181

	

54	0	76

	

57	4	17

	

111	0	2

	

12	0	0

	

7	0	1

	

2	0	0

	

2	0	0

	

0	0	1

	

73	8	7

	

64	20	172

	

30	1	516

	

196	2	2,004

	

9	0	0

	

395	0	664

	

647	0	3

	

2,000	117	4,807

	

0.26	10.80

0	0
2.40	0.77
0.97	0.47
0.82	0.48
1.89	3.31
6.00	2.09

16.00	4.00
1.81	0.67
2.50	0.55
4.83	1.38
7.33	1.15
2.86	0.84
2.00	0.61

31.9	12.9
13.0	6.8
2.4	0.76

11.1	3.33
11.6	3.62
19.0	11.88
37.0	18.20
12.0	9.23
2.30	0.63
0.91	0.25
0.46	0.15
0	0
7.85	3.11
5.48	2.29
2.65	0.92

13.71	5.25
2.73	0.95

39.3	15.02
194.29	55.30

12.99	4.49

(11



0	0	0:30
0	0	2:30
0	0	5:10
0	38	4:00
0	7	10:30

2 Blue	3	7:40
0	3	1:20
0	0	3:20
0	14	2:20
0	12	12:40

1 Sperm	6	11:00
0	14	4:40
0	60	14:00
0	0	3:40
0	0	3:20
0	53	9:20
0	1	11:40
0	2	8:40

2 Unidentified	51	15:20
0	39	2:40
0	31	15:00

2 Unidentified	3	14:00
0	0	1:20
0	107	9:00
0	2	3:00

2 Unidentified	6	3:00
2 Unidentified	2	2:00
5 Unidentified 103	13:00
3 Unidentified	38	5:40

0	0	1:40
0	0	2:00
0	0	1:00
0	0	2:00

1 Sei	5	5:40
0	2	14:20

5 Bottlenose	5	14:00
2 Bottlenose,	9	14:00
1 Unidentified

0	0	1:00
0	4	2:40
0	0	4:00
0	6	3:40
0	0	3:20

28	626	269:40

12.6
48.8

123.8
129.6
274.7
142.2
26.4
27.7
37.2

276.1
233.9
102.0
415.3

46.9
61.4

291.0
279.0
197.4
306.3

68.6
376.7
408.2

39.4
202.0

73.2
84.3
59.8

321.5
156.4
28.3
14.0
15.4
51.4
38.1

212.6
273.4
235.1

20.7
37.6
35.8
71.0
80.9

5,936.7

0.083	0.007	0.010	 2.32
	

0.105

0
0
0

38
7

3
0

14
0
5

14
43

0
0

53

2
41
24
28

0
85

2
4
0

98
15
0
0
0
0
4
2
0
6

0
4
0
0
0

495

0
0
0
0
0
0
0
0
0
0
0
0
2
0
0
0
0
0
8
0
3
0
0

22
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
6
0

41

0
0
0
0
0
0
0
0
0
12
0
0

15
0
0
0
0
0
0

15
0
0
0
0
0
0
0
0

20
0
0
0
0
0
0
0
0

0
0
0
0
0

62

0
0
0
9.50
0.67
0.40
5.26
0
6.00
0.95
0.54
3.00
4.29
0
0
5.68
0.08
0.23
3.33

14.61
2.07
0.21
0

11.89
0.67
2.00
1.00
7.92
6.71
0
0
0
0
0.88
0.14
0.36
0.64

0
1.50
0
1.64
0

0
0
0
0.29
0.02
0.02
0.11
0
0.38
0.04
0.03
0.14
0.14
0
0
0.18

Trace
0.01
0.17
0.57
0.08
0.01
0
0.53
0.03
0.07
0.03
0.32
0.25
0
0
0
0
0.13
0.01
0.02
0.04

0
0.11
0
0.08
0

Table 4. Whales observed during the 1983 circumnavigation of Antarctica by the uscc Polar Star

Midcensus position

Census Date
number (1983)	Longitude	Latitude

Whales

Hump-
Minke	back	Killer	Other

Area	Whales per
censused

Total	(in square	Square
census	nautical	 nautical

Total	hours	miles)	Hour	mile

1/21	16645.0'E	7706.4'S
2
	

1/21-22	16947.1'E	7516.4'S
3
	

1/22	171004.8'E	74014.8'S
4	1/22	17116.0'E	72027.7'S
5
	

1/23-24	16501.8'E	6950.9'S
6
	

1/25	160035.4'E	67041.7'S
7
	

1/26	154058.6'E	6510.2'S
8
	

1/26-27	14612.6'E	65025.9'S
9
	

1/28	13936.6'E	66003.4'S
10
	

1/28	12928.9'E	65000.4'S
11
	

1/29-30	115°33.3'E	64049.9S
12
	

1/31	109019.2'E	65049.6'S
13
	

1/31	101057.5'E	64026.7'S
14
	

2/1	94019.3'E	65049.1'S
15
	

2/2	92015.0'E	6602.4'S
16
	

2/3	8426.5'E	65025.8'S
17
	

2/5	73009.0'E	6652.3'S
18
	

2/7	61020.3'E	6626.1'S
19
	

2/8	4905.8'E	6625.8'S
20
	

2/9	4454.9'E	67003.9'S
21
	

2/11	3401.7'E	68008.5'S
22
	

2/12	1538.9'E	6907.4'S
23
	

2/13	1201.2'E	6956.5'S
24
	

2/14	610.7'E	6948.5'S
25
	

2/14	0005.5'W	68046.6'S
26
	

2/15	342.0'W	70003.3'S
27
	

2/16	8042.4'W	70023.9'S
28
	

2/17	2516.6'W	7500.9'S
29
	

2/18	29040.7'W	76009.7'S
30
	

2/20	36020.2'W	77039.1'S
31
	

2/21	3923.3'W	7650.1'S
32
	

2/22	33024.6'W	75048.1'S
33
	

2/23	3121.0'W	7225.1'S
34
	

2/26	4630.3'W	6629.9'S
35
	

2/27	43006.3'W	6136.4'S
36
	

2/28	43045.9'W	6036.7'S
37
	

3/1	4651.6'W	6037.7'S

38
	

3/2	5255.3'W	6329.8'S
39
	

3/3	5703.7'W	63006.5'S
40
	

3/4	55007.5'W	6121.8'S
41
	

3/6	6335.1 'W	64050.1'S
42
	

3/7	6451.0'W	64048.3'S
Total

Species density per square
nautical mile

References	 seals in the pack ice of the Pacific sector of the southern ocean. In
C. A. Llano (Ed.), Adaptations within Antarctic Ecosystems, Proceed-
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Marine bird distribution in antarctic
waters
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Department of Ecology and Evolutionary Biology
University of California
Irvine, California 92717

As part of the Arms Control and Disarmament (ACDA) cir-
cumnavigation cruise of the antarctic continent from 21 January
to 6 March 1983, we studied bird species distribution and abun-
dance in the East Wind Drift off Antarctica and off southern
South America aboard the USCGC Polar Star. We were especially
interested in examining the variation in bird species composi-
tion and density between distinct hydrographic boundaries
such as the fronts associated with the antarctic continental slope
(Ainley and Jacobs 1981), or the interface between the open
ocean and the pack ice. We also sought data on the geographical
distribution of bird species in the sectors of the southern ocean
which to date have received little ornithological coverage.

Between Anvers Island and McMurdo Station, Veit con-
ducted 101 counts, each of 10 minutes duration and separated
by intervals of 1/2 to 1 hour. From McMurdo Station westward to
the Antarctic Peninsula, however, we took continuous, or near-
ly continuous, 10-minute counts for up to 22 hours per day,
depending upon daylength. We thus accumulated a total of
2,701 10-minute counts over a 41-day period. Between Val-
paraiso, Chile and Anvers Island 101 additional counts were
taken, 16-24 December 1982 between Anvers Island and Rio de
Janeiro, Brazil 469 additional counts were taken between 7-18
March 1983.

Counts were taken from either the flying bridge (16 meters
above the sea surface) during fair weather or from within the
pilot house (13 meters above the sea surface) during inclement
weather. All birds within an arc of a 300-meter radius extending
out from the beam to the bow of the ship were recorded as
"within zone." Ship-following birds were recorded when they
first appeared within the transect zone but were excluded from
all subsequent counts. We recorded all large concentrations of
birds and uncommon species regardless of their location or
distance from the ship; however, birds seen outside our transect
zone will be excluded from calculations of density and biomass.
Our data are being prepared for automatic data processing, and
estimates of density and biomass should be available by late
1984. We summarize here our most interesting observations.

Concentrations of birds. Our observations suggest that seabird
distribution in the East Wind Drift is extremely patchy. We saw
several very large concentrations of birds but also traversed
extensive areas where birds were scarce. Off Adélie Land (near
66°S 140°E) we saw approximately 500,000 sooty shearwaters
(Puffinus griseus), 500 light-mantled sooty albatrosses (Phoebetria
palpebrata), 500 mottled petrels (Pterodroma inexpectata), and 150
white-headed petrels (Pterodroma lessoni). There were two Jap-
anese krill trawlers fishing in the immediate vicinity. Although
we could not determine on what the birds were feeding, they
were not taking refuse from the trawlers.

On the shallow continental shelf off Enderby Land (near 66°S
51°E), we saw an aggregation of feeding antarctic petrels which

we estimated to contain on the order of 1 million birds. Russian
trawlers were fishing in the vicinity and Fanning and Vargo
(personal communication) reported seeing krill drawn in
through the Polar Star's sea chests at the same time that we
observed this flock. It is possible that the birds had aggregated
to feed upon a krill swarm.

We conducted two transects in the western portion of Prydz
Bay (68° 75'E), an area which has been reported to support large
populations of marine mammals but few birds. We noted un-
usually high densities of Adélie penguins, snow petrels,
Wilson's storm-petrels, and cape pigeons over ice-covered wa-
ters but few birds to the north of the ice over open water.

During late February, we observed large flocks of emperor
(Aptenodytes forsteri) and Adélie penguins (Pygoscelis adeliae) on
ice floes in the Weddell Sea. We counted nearly 500 emperor
penguins, including one flock of 365 on thick multi-year ice of 80
percent cover near 74°18'S 34°26'W, about 50 miles from open
water. We saw thousands of Adélie penguins concentrated
along the northeastern edge of the pack ice between 69°58S
39°31'W and 68°10'S 48°51'W, usually within 10 miles of open
water. The Adélie penguins were mostly clustered in groups of
10-100 birds near pressure ridges and were reluctant to enter
the water at the approach of the ship. The penguins were molt-
ing and flocks were surrounded by dense patches of feathers
and excrement. These observations support those of Cline,
Siniff, and Erickson (1969).

Distribution patterns. We found that Adélie penguins, snow
petrels (Pagodroma nivea), and arctic terns (Sterna paradisaea)
were characteristic of waters with substantial ice cover (30 per-

5

*

Figure 1. Antarctic petrel (Thallasoica antarctica). (Photo by R. R.
Veit.)
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cent to 80 percent) and were fairly evenly distributed around
the entire continent. Both antarctic petrels (Thalassoica ant-
arctica) and antarctic fulmars (Fulmarus glacialoides) were abun-
dant, but they seemed to be segregated such that large numbers
of one species occurred where the other was scarce. Thalassoica
was most numerous in the Ross Sea and just north of the ice
edge between Enderby Land and the Weddell Sea, while
Fulmarus was the dominant species in waters near the Antarctic
Peninsula and in the Bellingshausen Sea. Wilson's storm-petrels
(Oceanites oceanicus) were patchily distributed and were never
encountered in large concentrations.

We noted an apparent segregation between the distributions
of three closely related species of gadfly petrel, Pterodroma inex-
pectata, P. brevirostris, and P. mollis, which significantly modify
the pelagic ranges of these species as described by Watson
(1975, pp. 132-137). Pterodroma inexpectata was numerous near
(but not south of) the edge of the pack ice between 137°W and
55°E while P. brevirostris was found over waters of similar tem-
peratures and salinities as P. inexpectata between 60°W and 80°E.
P. mollis was found over slightly warmer and more saline waters
north of the Antarctic Peninsula, where we observed it in con-
siderably larger numbers than have previously been reported
(cf. Brown et al. 1975).

Birds and oceanography. Our observations of the influence of
the pack-ice edge upon the variation in bird density largely
agree with those of Ainley and Jacobs (1981). We noted a pro-
nounced increase in bird numbers (mainly Adélie penguins,
snow petrels, and arctic terns) near the interface of the pack ice
and the open water in regions where the water was 30-60
percent covered by floes. We had several opportunities to con-
duct transects across the shelf break around the continent in
areas that were sufficiently ice-free to allow an investigation of
the effects of the shelf-break in isolation of ice effects. Although
we have yet to analyze our data statistically, we did not observe a
pronounced change in bird density in the vicinity of the shelf
break front, except around the South Orkney Islands.

We noticed a clear transition in species composition between
cold (- 2° to - 1°C) waters of low (approximately 31 parts per
thousand) salinity associated with the pack ice and the warmer
(0° to 2.5°C), more saline (31 to 34 parts per thousand) waters
10-30 kilometers seaward of the ice edge. On each of the trans-
ects that we conducted between these habitats, we noted an
appearance of such subantarctic species as wandering (Di-
omedea exulans) and black-browed (Diomedea melanophris) al-
batrosses, white-chinned petrels (Procellaria aequinoctialis),
white-headed petrels, and antarctic prions (Pachyptila desolata)
associated with a rapid increase in surface temperature and
salinity.

South Orkney Islands. We had the unique opportunity at the
end of the ACDA cruise to conduct a series of five radial transects
around the South Orkney Islands from 28 February to 2 March
1983. The ship made five transects, each from 90 nautical miles
offshore to within 5 nautical miles of the shore to the southeast,
northeast, northwest, and southwest of the islands. We
dropped a series of expendable bathythermographs on one
transect (to the northeast) in order to determine the presence of
a front associated with the shelf break. On each crossing of the
shelf break, we observed a pronounced concentration of birds.
The species composition of these concentrations on each trans-
ect was distinct; antarctic fulmars were most numerous to the
southwest of the islands, black-browed and gray-headed (D.
chrysostoma) albatrosses to the northwest, antarctic prions to the
northeast and chinstrap penguins (P. antarctica) and antarctic

Figure 2. Antarctic prion (Pachyptiia desolata). (Photo by A. R. Veit.)

prions to the southeast. We also recorded a marked decline in
chinstrap penguin density roughly 60 nautical miles offshore
from the islands. In some instances this drop-off in numbers
corresponded to the location of the shelf break.

Mammals and birds. We have the impression that there may be
a negative association between bird and cetacean abundance in
the East Wind Drift. However, north of Elephant Island (66°S
55°W), we observed a pod of about 40 pilot whales (presumably
Globicephala melaena) which were closely pursued by a cluster of
seabirds including black-browed, grey-headed, and wandering
albatrosses; southern giant petrels (Macronectes giganteus); cape
pigeons (Daptian capensis); and antarctic fulmars.

South America. On the transect between Punta Arenas, Chile
and Rio de Janeiro, Brazil, Veit made a series of 10-minute
counts which revealed significant concentrations of seabirds
associated with hydrographic fronts and pronounced changes
in bird species composition between distinct water masses. A
concentration of approximately 50,000 immature black-browed
albatrosses was observed feeding on offal around 25 trawlers
over the Argentine continental slope at 43°50'S 59°10'W. There
was a clear transition between species associated with shallow
(60-80 fathoms) shelf waters (Puffinus gravis, P. puffinus, P.
griseus, Eudyptes chrysocome, Sterna hirundinacea) and warmer,
deeper, more saline waters (Pterodroma incerta, P. mollis, P. mac-
roptera, Calonectris diomedea, and Stercorarius longicauda). An ob-
servation of 42 long-tailed jaegers between 43°10'S 58°00'W and
38°00'S 54°30'W suggests that this species winters in waters
over the shelf break of eastern South America. This observation
represents the only winter concentration of long-tailed jaegers
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yet recorded, aside from storm-blown birds seen from land
(Murphy 1936, p. 1039; Bartle 1983).

This research was supported by National Science Foundation
grant DPP 82-06052 to George L. Hunt, Jr. We thank the officers
and crew of the USCGC Polar Star for a most enjoyable and
productive cruise.

References

Ainley, D. C., and S. S. Jacobs. 1981. Seabirds, pack ice and the Ant-
arctic slope front in the Ross Sea. Deep-Sea Research, 28A, 1173-1185.

Bartle, S. 1983. Wreck of long-tailed skuas. Ornithological Society of New
Zealand News, 26, 2.

Brown, R. G. B., F. Cooke, P. K. Kinnear, and E. L. Mills. 1975. Sum-
mer seabird distribution in Drake Passage, the Chilean Fjords and off
southern South America. Ibis, 117, 339-356.

Cline, D. R., D. B. Siniff, and A. W. Erickson. 1969. Summer birds of
the pack ice in the Weddell Sea, Antarctica. Auk, 86, 701-716.

Fanning, K. A., and C. A. Vargo. 1983. Personal communication.
Murphy, R. C. 1936. Oceanic birds of South Ameri'ca. Vol. II. New York:

American Museum of Natural History.
Watson, G. E. 1975. Birds of the Antarctic and Sub-Antarctic. Washington,

D.C.: American Geophysical Union.

Nanoplankton and microplankton
studies during the circumnavigation

cruise

CHRISTOPHER D. HEWES and OSMuND HOLM-HANSEN

Polar Research Program
Scripps Institution of Oceanography
University of California-San Diego

La Jolla, California 92093

EGIL SAKSHAUG

lnstitut for Mann Biokjemi
University of Trondheim
NTH Trondheim, Norway

Although the environmental conditions that control the rate
of photosynthesis (nutrients, light, temperature) are fairly uni-
form in waters south of the Antarctic Convergence, there ap-
pears to be much patchiness in phytoplankton distribution. The
antarctic circumnavigational cruise (27 December 1982 to 6
March 1983) offered a unique opportunity to document phy-
toplankton concentrations around the entire continent and to
correlate these observations with observed bird and mammal
concentrations. Our specific objectives were: (1) to document
the biomass and cell-size distribution of phytoplankton in sur-
face waters as related to water depth (shelf versus deep waters)
and to degree of ice cover, (2) to determine the ratio of hetero-
trophic to autotrophic biomass in the microbial fraction, (3) to
estimate the magnitude and effects of the grazing pressure
exerted by heterotrophic microplankton organisms on the spe-
cies composition and biomass of the nanoplankton, and (4) to
determine the chemical composition and growth rates of phy-
toplankton as a function of light intensity. Except for four sta-
tions where we obtained water samples down to 200 meters, all
water samples were obtained close to the surface with polyvinyl
chloride (Pvc) samplers which could be used when the ship
steamed at 16 knots.

Phytoplankton biomass and distribution. Only three areas of phy-
toplankton blooms (over 2.0 micrograms chlorophyll a per liter)

were encountered during our entire cruise: (1) a Phaeocystis
dominated bloom in shelf waters at about 92°E longitude, (2) a
diatom bloom in shelf waters close to Davis Station (77°08'E),
and (3) extensive diatom blooms over most of the shelf waters
traversed in the Weddell Sea. A total of approximately 350 water
samples were analyzed for both total chlorophyll a content and
chlorophyll a content in the nanoplankton fraction (cells pass-
ing through a 20 micrometer nylon mesh net). These data are
shown in the figure, together with water depth. The mean
chlorophyll a concentration for all samples between McMurdo
and the Greenwich meridian was 0.41 micrograms per liter (0.26
± 0.19 in the nanoplankton fraction and 0.15 ± 0.28 in the
microplankton fraction); for all stations between 00 longitude
and Palmer Station, the total chlorophyll concentration was 1.12
micrograms per liter (0.65 ± 0.56 in the nanoplankton and 0.47
± 0.61 in the microplankton).

Five intensive sampling routines (560 samples) were per-
formed for periods of 6 hours each to determine the degree of
patchiness of the phytoplankton, especially in regard to trans-
ects across the continental shelf break. In both the Weddell Sea
and in transects north and south of the South Orkney Islands,
phytoplankton biomass was high (greater than 1.0 microgram
chlorophyll a per liter) in shelf waters and decreased dramat-
ically to low values (about 0.2 microgram chlorophyll a per liter)
when the depth exceeded 1,000 meters. Similar results have
been recorded in the Ross Sea (El-Sayed, Biggs, and Holm-
Hansen in press).

The primary mission of the circumnavigational cruise placed
some constraints on scientific studies, so we were unable to
conduct any ice-sampling studies; however, we noted that the
biomass of phytoplankton associated with ice cover was visu-
ally impressive. This was true for the epontic layer on the
underside of the ice, as well as for the layers of algae contained
within the ice. On three or four occasions, we saw large num-
bers of krill awash over the bottom side of these algae-covered
ice floes when the floes were turned over by the force of the
USCGC Polar Star's passage. In the shelf portions of the southern
Weddell Sea, very high phytoplankton biomass (greater than
100 micrograms chlorophyll a per liter) was found to be associ-
ated with the very thin, newly formed nilas ice. This is reminis-
cent of the extensive blooms reported in this area by El-Sayed
(1971). Our data do not show, however, any significant enhance-
ment of phytoplankton biomass in waters close to the ice edge.

Ratio of heterotrophic to autotrophic biomass. Once or twice a day
larger volumes of water were collected for chemical analysis of
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the particulate matter and for determination of the number and
cell-size distribution of both heterotrophic and autotrophic
cells. The trophic mode studies were done by concentration of
all cells by a filter-transfer-freeze technique (Hewes and Holm-
Hansen 1983), followed by examination by a combination of
transmission and epifluorescence microscopy. Most of these
samples, together with the samples for chemical analysis (aden-
osine triphosphate; organic carbon, nitrogen, and phosphorus;
and biogenic silicon) remain to be analyzed.

Culture experiments. Water samples were incubated in 4.0-liter
glass bottles on the 0-1 deck under controlled conditions of light
and temperature. Cultures for growth rate (sampled daily) and
chemical composition measurements were allowed to grow for
1-2 weeks. Cultures for studies of grazing effects by hetero-
trophic microbial cells were maintained for 1 or 2 days. Most of
these samples remain to be analyzed. Preliminary microscopic
observations, however, revealed that the long-term cultures
showed a domination by microplankton-sized diatoms, in con-
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trast to the original water sample which was usually dominated
by nanoplankton.

All three authors participated in the cruise. This work was
supported by National Science Foundation grant DPP 82-12362.
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Circumpolar acoustic surveys for
marine mammals using a towed

hydrophone array

SHELDON R. FISHER, LISA M. FERM, and JEANETTE A. THOMAS

Hubbs Sea World Research Institute
San Diego, California 92109

Hubbs Sea World Research Institute has developed an array
of hydrophones with a broad frequency response 50 hertz to 20
kilohertz) designed to be towed behind a survey vessel and
used for detecting sounds from marine organisms (figure 1).
This array has been used successfully on three cruises in the

eastern tropical Pacific (Anderson 1980; Thomas, Evans, and
Fisher 1982; Thomas, Fisher, and Ferm 1982). A variety of ma-
rine mammals were acoustically detected and on one cruise
(Thomas, Fisher, and Ferm 1982) as many as 32 percent of the
encounters of marine mammals were detected by the array but
not by observers using 25-power binoculars. These results indi-
cated that studies on the distribution and abundance of marine
mammals will be much more useful if acoustic monitoring were
used in conjunction with visual surveys.

Past studies by Thomas and Kuechle (1982), Stirling and Siniff
(1979), and Awbrey and others (1982) have shown that all ant-
arctic seals, killer whales, and minke whales are vociferous
during the austral spring. The application of the towed array for
acoustic surveys of marine mammals in antarctic waters was
tested during the circumpolar navigation of the USCGC Polar Star
from 21 January to 6 March 1983 (figure 2).

Specifically, our objectives were to: (1) test the performance of
the array in antarctic waters, (2) detect acoustically the presence
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Figure 1. Configuration of the acoustic sections of the towed array used on the USCGC Polar Star. ("m" denotes meter, "Hz" denotes hertz, and
"kHz" denotes kilohertz.)
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Figure 2. Acoustic array of hydrophones used on the circumpolar
navigation of the USCGC Polar Star

of marine mammals, (3) compare acoustic data with standard
sighting data of marine mammals, (4) collect ambient acoustic
data throughout the cruise track, and (5) correlate ambient
acoustic levels with other measures of productivity.

The array was towed successfully in open water (up to 18
knots) and in as much as 8 tenths ice cover (up to 12 knots).
Towing depths were dependent on ship's speed and ranged
from 6 to 15 meters.

Visual contacts of marine mammals varied from occasional
periods during which large concentrations were sighted to long
periods of no sightings, yet they occurred throughout the track.
However, during 200 hours of towing, marine mammals were
detected acoustically only once.

There are probably several reasons why so few marine mam-
mals were acoustically detected. (1) The circumpolar cruise was
made after the spring breeding season when marine mammals
have reduced their vocalizations. There is some evidence to
support this idea. W.. E. Evans sampling the same area con-
currently onboard the World Discoverer also did not detect vo-
calizations from Weddell seals, crabeater seals, leopard seals, or
killer whales using a single hydrophone. During a survey on
the USCGC Glacier in January to March 1981 few marine mam-
mals were detected using sonobuoys (Thomas et al. 1981). Sim-
ilarly, Thomas and others (1978) noted a dramatic decrease in
vocalizations of Weddell seals after breeding in McMurdo
Sound. (2) The properties of large icebreakers may inhibit
sound production by marine mammals. On the USCGC Polar Star,
the ship's three shafts with variable pitch propellers provide a
high amplitude sound field (actual measurements are not avail-
able). Of the four ships from which the array has been de-
ployed, the USCGC Polar Star had the loudest self-noise and this
may inhibit vocal activity of the animals nearby. Similarly, the
sight of the ship may cause marine mammals to cease calling. If
a ship's noise or appearance affects the distribution of marine
mammals around the ship, data collected during shipboard
surveys must be used cautiously. [A study by Leatherwood,
Awbrey, and Thomas (1982), however, indicated that the dis-
tribution of minke whales was not affected by the presence of
the USCGC Polar Star or the USCGC Glacier. Whether or not their
vocal activity was altered was not tested.] (3) Fresh water from
glacial melt, because of its lower salinity, can significantly refract
sounds and limit the range at which sounds near the surface can

be detected by several orders of magnitude. This effect has been
documented in the Arctic. (4) Because the backwash from the
three propellers of the USCGC Polar Star is much greater than
from other vessels that have used the array, there may have been
a larger baffling effect around the array. Limited tow cable
prevented us from dropping the array below this backwash
zone. (5) The possibility that the array was not working properly
can be dismissed because: pilot whales were detected clearly,
the 12 kilohertz pinger from the ship's depth recorder was
detected during the entire trip, and on the return trip the array
was calibrated on acoustic range off the coast of Brazil.

Sounds from about 30 pilot whales Globicephala c.f. melaena
(Brownell 1974) were monitored for a 10-minute period near
Elephant Island (60°44.O'S 56°02.5'W) on 4 March 1983. A vari-
ety of whistles, screams, and pulses were heard (figure 3).
Because there are no other recordings of southern hemisphere
pilot whales, this information is valuable for comparing region-
al dialects (Taruskii 1976) and for clarifying taxonomic
relationships.

Samples of ambient noise were taken hourly during all tows
of the array. In some areas, increases in ambient sounds at
certain frequencies can be correlated with the presence of ma-
rine organisms (Fish 1964; Payne and Webb 1971). Whether or
not this is true in the Antarctic is under study.

Field work was conducted by S. Fisher and L. Ferm during
the circumpolar navigation. Further research was done by W.
Evans and J . Jehl, Jr. on the return trip near Brazil. We thank the
Captain, officers, and crew of the USCGC Polar Star for their
enthusiastic support of our project. We also appreciate the
support from the Polar Star during the Brazil work.

This research was supported by National Science Foundation
grant DPP 82-05761.
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Antarctic plankton and the marine
geochemistry of radium-226, barium,

and germanium

GABRIEL A. VARGO,

KENT A. FANNING, and
LINDA M. BELL

University of South Florida
Department of Marine Science
St. Petersburg, Florida 33701

Vertical distributions of radium-226, barium, and germanium
in the world's oceans show surface depletions and deep-water
enrichments similar to the major nutrients required by phy-
toplankton. Linear correlations between silica concentrations
and radium-226, barium, and germanium concentrations
(Broecker, Goddard, and Sarmiento 1976; Chan et al. 1976; Ku,
Huh, and Chen 1980; and Froelich and Andreae 1981) suggest
that diatoms may be very important in the removal of these
elements from surface water. Our preliminary data and the
work of Shannon and Cherry (1971) show that radium-226 is
concentrated several thousandfold above water column levels
by diatom-dominated phytoplankton in temperate and sub-
tropical regions. Because there is no known biochemical re-
quirement for radium, barium, or germanium, it is likely that
these elements are incorporated into frustules during silicifica-
tion. Siliceous radiolarian tests may also contain radium-226,
barium, and germanium.

Sedimentation and burial of biogenic silica could therefore
constitute a major removal mechanism of radium-226, barium,
and germanium from the ocean. The largest marine deposit of
siliceous ooze lies between the antarctic convergence and diver-
gence, covers 1.9 x 10 11 square centimeters, and receives 60-80
percent of the biogenic silica deposited on the sea floor (De-
Master 1981). The calculations in table 1 demonstrate that the
incorporation of radium-226, barium, and germanium by ant-
arctic phytoplankton could be important. However, there are
large ranges in the amounts potentially affected, primarily due
to uncertainties in the incorporation ratios radium-226 to sil-
icon, barium to silicon, and germanium to silicon.

The circumnavigation of the antarctic continent by the USCGC

Polar Star during the austral summer of 1982-83 provided an
excellent opportunity to investigate the role of antarctic
plankton in the biogeochemistry of radium-226, barium, and
germanium. Our primary objectives were (1) to determine the
distribution and standing stock of dissolved and particulate
radium-226, barium, germanium, and silicon in four size frac-
tions of plankton near the ice edge and (2) to estimate growth
rates of the dominant diatoms in the same region.

Plankton samples were obtained directly from one of the
ship's sea chests located 8 meters below the water line. Hydro-
static pressure fed seawater directly into a series of three spe-
cially designed, nested Nitex(R) plankton nets (202 micrometers,
73 micrometers, and 53 micrometers) seated above a reservoir.
The water was then pressure-filtered using diaphragm pumps
through a 5 micrometers, 293 millimeters tortuous-path filter
(Nuclepore')).

The filter system was operated along 15 portions of the cruise
track between the Ross Sea and the Weddell Sea (figure).
Planktonic size fractions from each filter run were frozen for

Table 1. Impact of the production, dissolution, and deposition of biogenic silica in the Antarctic Ocean

Input to the entire ocean

Source	Amounta

7 x 10'
3.2 x 1012b

10 >< 109d
2.5-6.1 x 109d

230-240
3-11
2.1 x 107h

5.1 x 107h

Element or
isotope

Silicon
	River

Hydrothermal
RiverBarium	
Hydrothermal
SedimentRadium-226	Hydrothermal
RiverGermanium	Hydrothermal

a In moles per year.
b From DeMaster (1981).

Amount affected by antarctic biogenic silica

Uptake into frustules in	Net accumulation in	Released from frustules back
surface watersa	siliceous sedimentsa	into water column"

194-36.8 x 1012c	 4.2 x 1 012	 15.2-32.6 x 1012

1-40.5 x lOge
	

0.2-4.6 X 109e
	

0.8-35.9 x 10

3•9_74	 0.8-80
	

3.1-660

14.2-26.9 X 107h	 3.1 x 10'
	

11.1-23.8 x 10

Area of antarctic siliceous sediments taken as area of uptake into frustules = 1.9 x 10 17 square centimeter from DeMaster (1981); rates of uptake and
accumulation per unit area from Nelson and Gordon (1982).

d From Edmond et al. (1979).
Using the silicon uptake or accumulation rates calculated just above and a range of Ba/Si ratios of 0.5-11 x 10 mole/mole from Dehairs, Chesselet, and
Jedwab (1980), Martin and Knauer (1973), and Li et al. (1973).
Based on estimates of Broecker, Goddard, and Sarmiento (1976).
Based on Ra/Si ratios in South Atlantic phytoplankton from Li et al. (1973) and Krishnaswami, Lal, and Somayajulu (1976): 0.2-2 x 1012 mole/mole.
Ge/Si ratio of 7.3 x 10 mole/mole from Froelich and Andreae (personal communication).
Krishnaswami and Turekian (1982).
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later analysis. The incorporation ratios (radium-226 to silicon,
barium to silicon, and germanium to silicon) will be determined
in the size fractions. Ratios of dissolved radium-226, barium,
and germanium to silicon will also be measured in filtered
seawater collected throughout each run for comparison with
ratios in the plankton. Efficiencies will be calculated as the
percentage of chlorophyll a, particulate silica, and particulate
organic carbon retained on the nets and filters. Subsamples of
each size fraction were preserved for a qualitative assessment of
species. Net tows (0.5 meters, 80 micrometers) were taken to
complement the filter runs.

An average of 10,700 liters were filtered during each run.
Input chlorophyll a concentrations ranged from 0.1 to 2.7 micro-
grams per liter. Maximum phytoplankton biomass was found

on run 13 in the southern Weddell Sea (figure) and consisted
primarily of the ice-associated diatoms Fragilariopsis and
Nitzschia. Preliminary retention efficiencies from chlorophyll
measurements aboard ship ranged from 68 to 94 percent and
were highest near ice or when diatoms predominated. Zoo-
plankton biomass appeared to be low, but krill were captured
during several runs.

Diffusion cultures of natural populations were incubated in
dialysis tubing (12,000 molecular weight cut-off) on a rotating
wheel in a plexiglass tank to estimate phytoplankton growth
rates (Sakshaug and Jensen 1978) and the incorporation rates of
radium-226, barium, germanium, and silicon. Light levels were
maintained at 15 percent and 30 percent of incidence irradiance
using neutral density screens. Seawater in the tank was re-
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placed periodically with surface water. Growth rates were esti-
mated from cell counts (Sedgewick-Rafter cell) and chlorophyll
(Holm-Hansen and Riemann 1978). Incorporation rates of radi-
um-226, barium, and germanium will be calculated from cel-
lular carbon estimates (Eppley, Reid, and Strickland 1970), par-
ticulate silica and carbon-to-silicon ratios from the four size
fractions of the filter runs, and the element-to-silicon ratios in
the size fractions. A separate large-volume experiment was
conducted to measure incorporation rates using a community
composed of several Chaetoceros, Rhizosolenia, and Fragilariopsis
species. Growth rates (table 2) from several experiments were
low compared to those of phytoplankton in temperate water
(Furnas 1983; Vargo 1979).

Table 2. Growth rates, as divisions per day (1092), for selected spe-
cies or groups of species based on shipboard counts; (unless other-
wise noted all data are from dialysis encapsulation of natural

populations)

Experiment	Species or group	Dates	Divisions
number	 per day

R03	Fragi/ariopsis spp.	 2/7-2/16	0.37

	

2/16-2/23	0.61
Rhizosolenia hebetata	2/16-2/23	0.25

Total population	 2/7-2/16	0.08

	

2/16-2/23	0.16
Chactoceros criophilum	2/11-2/14	0.38

	

2/14-2/18	0.31

R04	Fragilariopsis spp.	 2/19-2/22	0.42

R05	Fragilariopsis spp.
dialysis tube	 2/16-2/19	0.64

	

2/19-2/22	0.21

	

2/16-2/22	0.43
Polycarbonate	 2/16-2/19	0.51

bottle	 2/19-2/22	0.41

	

2/16-2/22	0.46

Species of the ice diatom Fragilariopsis were the most common
phytoplankton present during the cruise. Fragilariopsis spp.
have a circumpolar distribution and division rates of approx-
imately 0.5 day- 1 . Though additional research is required, our
initial data suggest that ice flora, and particularly Fragilariopsis
spp., may represent a major contribution to antarctic carbon
production and to the geochemical cycling of radium-226, bar-
ium, and germanium in the ocean.

Field personnel (17 January to 10 March 1983) included
Gabriel A. Vargo, Kent A. Fanning, and Linda M. Bell.

This research was supported by National Science Foundation
grant contract DPP 82-14213.
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Marine biology

The influence of light on development
and growth of sea-ice microbial

communities in McMurdo Sound
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S. MCGRATH GRossI, R. MOE, and C. T. TAYLOR

University of Southern California
Departrnen t of Biological Sciences
Marine Biology Research Section

Los Angeles, California 90089-0371

Sea ice in McMurdo Sound forms every year and usually
persists for 9 months or more. Initial freezing occurs in March or
April and by November annual ice throughout the sound is
about 1.5 to 3 meters thick. The lower surface of the ice at the ice-
seawater interface is physically, chemically, and biologically
dynamic. This interface varies spatially and temporally. At sev-
eral locations sampled over 3 years, we have observed an inter-
face consisting of a hard congelation ice surface with numerous
brine channels in the bottom 20 centimeters and abundant ice
stalactites extending 1 meter or more into the water column. On
other occasions we have found an interface much as Bunt (1963)
described, a loosely consolidated layer 0.5 to 1 meter thick made
up of underwater platelet ice (Lewis and Weeks 1970) with large
chambers of interstitial water between lamellar crystals. At our
major study site near Cape Armitage the interface was hard
congelation ice during the field seasons of 1980 and 1981. Dur-
ing the 1982 season, however, the 2-meter congelation ice had a
0.25- to 1-meter thick platelet layer beneath it. We studied the
sea-ice microbial community (SIMCO) which inhabited both
brine channels of the congelation ice and interstitial waters and
crystal surfaces of the platelet ice layer.

Our field season activities covered the period 7 October 1982
to 7 January 1983. During this time we documented a cycle of
microbial development in the sea ice which may include: seed-
ing and early development, active growth to bloom conditions,
decline, release to the water column, and sedimentation to the
benthos. Special areas of emphasis for this investigation were
the responsibilities of individual field personnel: Grossi, algal-
bacterial interactions and algal growth rates; Kottmeier, bacteri-
al growth rates; Palmisano, under-ice light spectra, photo-
synthesis-light relationships, and algal heterotrophy; Moe, un-
derwater sampling and photography; Taylor, protozoa; and
Sullivan, sources and sinks of amino acids and overall program
coordination.

A large-scale light attenuation experiment was carried out on
the sea ice near Cape Armitage during the 3-month field sea-

son. The purpose of the experiment was to determine the influ-
ence of light on development and growth rate of the SIMCO and
in turn to determine the influence of the SIMCO on the under-ice
light field (irradiance and spectral composition). The experi-
ment was constructed by field personnel, with the assistance of
ITT/Antarctic Services, Inc. who prepared dive holes and dive
huts. The U.S. Navy provided a D-6 bulldozer and an operator
to move large amounts of snow. Irradiance under ice of uniform
thickness was manipulated using various depths of snow,
which has a high light extinction coefficient. Five pairs of quad-
rats 100 square meters each were prepared with the following
snow depths: 0, 5, 10, 25, or 100 centimeters. The natural snow
cover was 25 centimeters and these quadrats were left un-
disturbed to serve as a control. Since inorganic nutrient levels in
the water column are high and temperatures relatively constant
(-1.86 ± 0.2°C), we were able to conduct a highly controlled
experiment in nature by regulating light levels with various
snow covers.

The quadrats were surveyed by SCUBA divers Moe and Taylor
to determine the irradiance and spectral composition of light
under each quadrat during the course of the experiment. Mea-
surements of incident and under-ice irradiance were made with
a MER-1000 spectroradiometer with cosine collector (Bio-
sperical Instruments, San Diego, California; figure 1). We ob-
served in situ growth of the SIMCO during a 3-month period at
approximately 10 percent to less than 0.01 percent surface irra-
diance. In addition, we were able to measure how the growth

Figure 1. Spectroradiometer deployed in underwater platelet ice
layer to collect downwelling irradiance and spectral composition
data near Cape Armitage in McMurdo Sound.
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and accumulation of SIMCO attenuates the under-ice light field.
Under the snow-free quadrats, by 7 November the platelet ice
layer turned a rich golden-brown color characteristic of diatom
dominated communities. Sequentially, in order of increasing
snow depth, the remaining quadrats developed color except for
the quadrat covered with 100 centimeters of snow which re-
mained colorless throughout the study period. The pattern of
sequential increase was also found for algal and bacterial cell
numbers, chloropyll a, photosynthetic rate and 3H-thymidine
growth rate. Late in the season, numerous ciliates and micro-
flagellates appeared in some quadrats.

Growth of the SIMCO, especially within the platelet layer, had
two significant effects on the physical character of the ice. As
the season progressed, the irradiance was attenuated and spec-
tral composition of the under-ice light field was altered. Figure 2
illustrates typical light spectra and photosynthetically active
radiation (PAR) of downwelling irradiance at the ice surface,
under 2 meters of congelation ice, and under congelation ice
plus platelet ice containing the SIMCO. The spectrum depicted at
the bottom of figure 2 shows that light passing through ice
containing SIMCO has a maximum transmission between 540
nanometers and 620 nanometers. These data are not unlike
those presented by Maykut and Grenfell (1975) for arctic ice, but
here light attenuation is much stronger. We suspect that the
spectrum of transmitted light is largely a function of absorption
by the photosynthetic pigments of the sea-ice algae as indicated
by differences in the bottom two curves of figure 2. We predict
that the spectral composition of the under-ice light field will
vary depending upon the nature of the microalgal flora of the
SIMCO and their associated primary and accessory photo-
synthetic pigments. Studies are currently underway to compare
absorption spectra of intact sea-ice algae measured in the labo-
ratory with absorption spectra of the sea ice plus SIMCO

measured in situ by SCUBA divers.
Several reports indicate that the dominant microflora of sea

ice is spatially and temporally variable in both the Antarctic and
the Arctic (Ackley, Buck, and Taguchi 1979; Homer and
Schrader 1982; Hsiao 1980; Sullivan et al. 1982). Thus, we pre-
dict that under-ice light fields vary in spectral composition at
different times and in different regions of the polar oceans.

Irradiance and spectral composition have profound implica-
tions for photoautotrophic growth of ice algae as well as for
phytoplankton in the underlying water column. Forcing func-
tions of photoadaptation by these organisms are low irradiances
and altered light spectra. We are endeavoring to understand the
mechanisms which underlie photoadaptation of photosynthetic
organisms growing within the unique sea-ice habitat as well as
in the underlying water column.

The second major effect of the SIMCO was on the integrity of
the underwater platelet ice. Melting of the platelet layer ap-
peared to be mediated by the presence of. , darkly pigmented
algae growing on the ice-crystal surfaces. It was first observed
under the snow-cleared quadrats where algal growth was most
rapid. As growth became dense, the algae absorbed some light
energy passing through the ice, and the platelet layer became
loose and less consolidated. The layer then began disintegrating
from the center of the quadrat toward the edges and completely
disappeared over a 3-4 week period. Most of the algal contents
from the melting platelets were released to the water column
where they rapidly sedimented to the benthos in large aggre-
gates. Some of the algal colonies remained attached to the
underside of the ice as long strands, apparently anchored by
cells which grew within the brine channels of the congelation
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Figure 2. Spectral downweiiing irradiance and total photo-
synthetically active radiation (PAR) at sea-ice surface, under 2
meters of congelation ice. and under 2 meters of congelation Ice
plus platelet Ice layer containing sea-ice microbial community (sIM-
co). ("A" denotes wavelength in nanometers and "tiE M -2 S" de-
notes microElnstelns per square meter per second.)

ice. The surrounding ice with a natural snow cover of 25 cen-
timeters and all other quadrat areas retained the platelet layer.

Our continuing studies have demonstrated that SIMCO's are
not only a significant source of primary and secondary produc-
tion (Palmisano and Sullivan in press; Sullivan and Palmisano
1981, in preparation) but that they also influence the physical
environment of polar ecosystems in important ways.

This research was supported by National Science Foundation
grant DPP 81-17237.
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Studies of ice-algal communities in
the Weddell Sea

DAVID L. GARRISON, KURT R. BUCK, and
MARY W. SILVER

Center for Coastal Marine Studies
University of California

Santa Cruz, California 95064

In 1980 we began a study of algae in sea ice and in the water
column of the Weddell Sea (Ackley et al. 1980; Foster et al. 1980).
We have previously described our sampling methods and our
studies of algal biomass and nutrient distributions in these
environments (Garrison and Buck 1982; Garrison, Buck, and
Silver 1982). In the present report, we summarize the results of
our population studies, indicating a close coupling between
algal assemblages in ice and water and suggesting the source of
ice-algal populations.

We identified and counted species of major algal groups in
both ice and water using light and electron microscopy (Buck
and Garrison 1982, in press; Mitchell and Silver 1982). We iden-
tified species associations by using a species affinity index and
cluster analysis and compared algal assemblages in ice with
those in the water column using a percent similarity analysis
(Garrison and Buck in preparation).

Many algal species were common to both ice and water, but
none were exclusively associated with ice. Phaeocystis pouchetii
and several diatom species were the numerically important
algae (table). Differences between algal assemblages in ice and
water resulted from altered relative abundance of these few
species rather than from changes in species composition. Our
similarity analysis identified groups of open-water stations, ice-
edge stations, and under-ice stations that possessed similar
species assemblages (figure 1). Algal assemblages in ice floes
were distinct from those in the water column and could be
urther divided into upper and lower floe populations (figure 2).

Species arrays in newly forming ice were not significantly dif-
ferent from those in the water column (in their relative abun-
dance relationships), but algal populations were considerably
more concentrated.

Our observations on newly forming ice suggested that algal
populations in these samples were initially entrapped but also
concentrated during frazil ice formation (Ackley 1982; Garrison,
Ackley, and Buck in press). Because growth of in situ popula-
tions could not account for the very high biomass (up to 50 times
more concentrated than water) that rapidly accumulates in day-
old ice, the algae must be concentrated by some physical pro-
cess. Ackley (1982) and Garrison, Ackley, and Buck, (in press)
describe how frazil ice crystals, which form around suspended
algal cells in the water column and harvest algal cells on the ice
crystal surface as crystals rise to the surface, could explain the
dense populations we observed in new ice. This hypothesis is
further supported by our nutrient studies, which indicated that
there was no nutrient reduction by algal uptake in the brine of
newly forming ice, and by our population studies, which indi-
cated that populations in newly forming ice were nearly identi-
cal with those in the water column. Accumulation by frazil ice
may be important in the formation of ice-algal populations in
the Weddell Sea, since studies by Cow et al. (1981) indicate that
ice floes from this region are primarily composed of frazil ice,
suggesting that frazil ice is continually produced. We have
suggested that sustained frazil ice production may account for
internal algal populations in floes from the Weddell Sea (Gar-
rison, Ackley, and Buck in press) and may be an important
mechanism to ensure that resting stages of pelagic forms are
seasonally incorporated in sea ice (Mitchell 1982).

We conclude that planktonic algae are regularly incorporated
into sea ice, that they overwinter in ice, and that they are
released into the water column during ice melting in the spring
and summer over a prolonged period, thus explaining the
marked similarity between ice and water column assemblages
in this region.

This study was supported by National Science Foundation
grant DPP 80-20616 to M. W. Silver and J. S. Pearse. Field per-
sonnel were Buck and Garrison; dates in field were January and
February 1980.
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Summary of species groups formed by cluster analysis (Garrison
and Buck in preparation) and the relative abundance of these
groups in the water column and in ice floes (Clusters are groups of
species formed by cluster analysis at affinity levels greater than or
equal to 0.5; the relative abundance of a cluster is the sum of the

relative abundances of individual member species)

Cluster	 Species	 Relative	Abundance (%)

Water column	Ice floes

Corethron criophilum	 34	85
Nitzschia curta
Chaetoceros dichaeta
Dactyliosolen antarctic
Nitzschia angulata
N. ritscheri
N. sublineata
Rhizosolenia alata f. inermis
Thalassiothrix longissima
Actinocyclus actinochilus
Nitzschia kerguelensis
N. turgiduloides
N. closterium
N. cylindrus
Chaetoceros gracile
Amphiprora kjellmanii
Tropidoneis glacialis	 —1	<1
Nitzschia pseudonana

1111
	Eucampia antarctica	 <1

Leptocylindrus mediterraneus
Distephanus speculum
Chaetoceros convolutum
C. neglectum
C. atlanticum
Thalassiosira gravida
T gracilis
Coscinodiscus oculus-iridis

lv
	Nitzschia obliquecostata	 <1

N. vanheurckii
V	Coscinodiscus furcatus	 <1	—1

Thalassiosira ritscheri
Porosira pseudodenticula

VI	Odontella weissflogii	 4	—1
Haslea trompii

VII	Nitzschia subcurvata	 56
	

8
Phaeocystis pouchetti

VIII	Tropidoneis fusiformis	 <1
	<1

Navicula criophila
Ix	Chaetoceros curvisetum	 <1

	<1
Chaetoceros flexuosum
Thalassiosira tumida
Rhizosolenia styliformis
Asteromphalus hooked

X	Rhizosolenia alata f. indica	<1
	<1

R. imbricata v. shrubsolei
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Relative abundance of diatoms in
Weddell Sea pack ice

D. B. CLARKE and S. E ACKLEY

U.S. Army Cold Regions Research and Engineering Laboratory
Hanover, New Hampshire 03755

In previous studies of algal communities in antarctic sea ice, it
has been shown that pennate diatoms are generally numerically
dominant to centric forms (Burkholder and Mandellj 1965;
Fukushima and Meguro 1966; Richardson and Whitaker 1979).
Ackley, Buck, and Taguchi (1979), Bunt and Wood (1963), and
Watanabe (1982) are the only authors to have found centric
species "in abundance" in sea ice. These comprised five genera
and six species and were found in both frazil (fine-grained,
equiaxial) and congelation (coarse grained, columnar) ice.

Among the pennates, five genera and fourteen species have
been reported in abundance in both ice types.

We sampled sea ice in the Weddell Sea during the October
-November 1981 joint U.S.-U.S.S.R. (wEP0LEx) Expedition
(Gordon and Sarukhanyan 1982). (See Antarctic Journal, 17 (5)
1982, Weddell Polynya expedition chapter, for cruise report of
the expedition). We recovered both ice cores [drilled with a 7.6-
centimeter U.S. Army Cold Regions Research and Engineering
Laboratory (CRREL) ice coring auger] and chunks of snow ice
floating in the water cleared by the ship or at the bases of ridges.
These samples were taken between 59°09. 1' and 62°12.4'S lati-
tude and 0014.2 and 3°24.9'E longitude. Diatoms from several
cores (table) were examined under a scanning electron micro-
scope (SEM) and an inverted light microscope to determine the
species composition and relative abundances (see Clarke and
Ackley in preparation for additional information on ecology and
relationships to sea-ice structure). Diatoms were found
throughout the length of the cores, the average length being 75
centimeters (Ackley, Clarke, and Smith 1982) while snow cover
on the cores ranged from 10 to 30 centimeters with an average of
20 centimeters (Clarke and Ackley in preparation).

Ice sample depth, location, ice type, and percentage of each abundant species

Core
number

3-24/0
4-24/0
9-1/N

14-4/N

17-8/N

22-10/N

23-10/N

24-11/N

26-13/N

Ice chunk
10—N/K

Longitude	Abundant species

3 024.9'E	Nitzschia prolongatoidesa
3 024.9'	Nitzschia prolongatoidesa
2053.8'	Nitzschia subcurvata

Nitzschia turgidu/oidesa
Nitzschia prolongatoidesa

1003.5	Nitzschia prolongatoidesa
Nitzschia cylindrusa
Chaetoceros dichaetaa'

0043.5	Nitzschia prolongatoides
Nitzschia closterium

00 15.3'	Nitzschia closterium
Tropidoneis glacialisa

00 15.3'	Tropidoneis glacialisa
Nitzschia cylindrusa
Nitzschia prolongatoidesa
Nitzschia closterium

0014.2	Nitzschia cylindrusa
Navicula speciesa
Nitzschia closterium

0045.6	Nitzschia closterium
Navicula speciesa

Percentage
of total	Ice type

	

89
	

Frazil

	

85
	

Frazil
39

	

24
	

Frazil
14
35

	

28
	

Congelation
10

	

54
	

Congelation
31

	

52
	

Frazil
28
24

	

21
	

Frazil/

	

21	congelation

	

36
	

Frazil/

	

15	congelation
10

	

48
	

Frazil/

	

12	congelation

	

94
	

Snow ice

Depth interval
(in centimeters)	Latitude

	

55-63	 59053.7'S

	

33-49	 590537

	

17-36	 62011.20'

	

44-58	 62'12.4'

	

23-53
	

60°57.7'

	

0-54	 60°17.0'

	

0-59	 60'17.0'

	

32-69	 60005.1

	

0-54	 59'091'

60017.0	0015.3'	Tropidoneis glacialisa

a Not previously reported as being abundant.
b Centric form, all other species listed are pennate forms.
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As in previous studies, we found that the pennate forms were
dominant. The centric to pennate ratio ranged from 1-to-6 to 1-
to-34 with an average of 1-to-16. Chaetoceros dichaeta Ehrenberg
was the only centric species which was "abundant" (we have
defined "abundant" as greater than 10 percent of the sample
composition) in our samples, and it has not previously been
reported as abundant. Of the pennate species that we found in
abundance, three have been found in abundance by other au-
thors. These are Nitzschia ciosterium (Ehrenberg) W. Smith and
Nitzschia cylindrus (Grunow) Hasle found by Ackley et al. (1979)
and Nitzschia subcurvata Hasle found by Buck and Garrison (in
preparation). In our samples, we also found Nitzschia pro-
ion gatoides Hasle, Nitzschia turgiduloides Hasle, Tropidoneis
giacialis Heiden, and an unidentified Navicula species to be
numerically significant. The table lists the dominant species in
each sample and their relative abundances. As indicated by the
footnote in the table, five of these species have not previously
been found in abundance in antarctic sea ice.

The figure, an SEM micrograph from ice chunk 10-N/K, shows
a typical assemblage dominated by a single pennate, T. glacialis.
The other pennates present are N. ciosterium and Nitzschia curta

1!
1

,
VIP

 444

Xft

*
*

V' 	
6Q, RAW

01797 20KV 50U

Scanning electron microscope photo of ice chunk 10-N/K showing
typical assemblage: Chaetoceros dlchaeta, Nitzschia closterium,
Nltzschla curta, Rhizosolenia alata, and Tropidoneis glacialis. (Bar-
line represents 5 micrometers.)

(Van Heurck) Hasle. The centrics are Ch. dichaeta and Rhi-
zosolenia alata Brightwel!.

There are several possible reasons for the variable species
compositions in these samples. To start with, the incorporation
mechanisms which exist in frazil and congelation ice are dif-
ferent. Frazil ice formation tends to concentrate algal cells
through scavenging and/or nucleation (Ackley 1982; Garrison,
Ackley, and Buck in preparation), while congelation ice forma-
tion tends to reject material. As the ice forms over a period of
several hours to several weeks, the water mass below it—and
hence its biological components—may change slightly. Lastly,
when the light intensity increases in the spring, the diatoms
generally begin to reproduce within the ice. The total cell vol-
ume and the species composition then is in part dependent on
the amount of snow cover overlying the ice floe since it limits
light penetration. For these samples, representing an end-of-
winter population, it appears that ice-formation processes and
water-column composition have the greatest impact on diatom
composition and abundance in sea ice. This is described more
completely in Clarke and Ackley (in preparation).

We wish to thank Motoi Kumai for the excellent SEM

micrographs which aided our species identifications. We would
also like to thank our American and Soviet colleagues and the
crew of the NES Mikhail Sotnov. This research was supported by
the National Science Foundation grant DPP 80-06922.
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Effect of prolonged darkness on the
patterns of photosynthesis in antarctic

diatoms

THOMAS W. JONES and
IAN MORRIS

Horn Point Environmental Laboratories
Center for Environmental and Esturine Studies

University of Maryland
Cambridge, Maryland 21613

Recent investigations by Smith and Morris (1980a, 1980b) on
the end-products of photosynthesis in antarctic phytoplankton
demonstrated an unusually high percentage (80 percent) of
newly fixed carbon to be associated with the lipid cellular frac-
tion at three stations on a cruise of ARA Islas Orcadas during
September-October 1978. The stations at which this was ob-
served were characterized by low photon-flux densities (20
micro Einsteins per square meter per second) and low tem-
peratures (- 1.8° to 0.2°C). This phenomenon of increased lipid
synthesis has not been observed in other studies of temperate,

tropical, or polar waters where similar methods were used
(Barlow and Henry 1982; Li and Platt 1982; Morris, Clover, and
Yentsch 1974; Morris and Shea 1978; Morris, Smith, and Clover
1981).

The phytoplankton samples used by Smith and Morris came
from waters just recently cleared of ice, and therefore, had
experienced an extended period of darkness. To investigate the
effect of prolonged darkness on short-term photosynthetic end-
products of phytoplankton brought back into the light, labora-
tory experiments were conducted using antarctic diatom iso-
lates (Bigelow Laboratory Culture collection). The temperate
diatom, Thalassiosira pseudonana (3H), was also used for com-
parison purposes.

The diatoms were cultured in a 18:6 light/dark cycle with
photon flux densities of 20 and 90 micro Einsteins per square
meter per second at both - 1.8° and 5°C for the antarctic isolates
and 5°C only for T. pseudonana. Exponentially growing cultures
were placed in the dark following an initial uptake experiment.
The procedure was: (1) A 20 milliliter aliquot of the culture was
placed in a 250 milliliter flask followed by the addition of 10
microcuries of sodium bicarbonate. (2) At 0.5, 1.0, 2.0, 3.0, and
4.0 hours a 1 milliliter aliquot of the culture was filtered for
radioassay of total carbon-14 uptake. (3) The remainder of the
culture was filtered at 4.0 hours onto a glass fiber filter and
subjected to the biochemical fractionation procedures of Morris
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Figure 1. Effect of extended darkness on patterns of photosynthesis between (A) an unidentified antarctic isolate and (B) Thalasslosira
pseudonana (3H). Cultures were held at 5°C at a photon flux density of 20 microEinsteins per square meter per second. [Carbon-14 ( '4C) is
plotted against days of darkness.]
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and others (1981) yielding lipid, protein, polysaccharide, and
low molecular weight (LMw) metabolite fractions. This three-
step procedure was repeated periodically by taking 20 milliliters
from the same culture held in continual darkness for several
weeks.

An increase of fixed carbon into the lipid fraction following
extended periods of darkness was observed in an unidentified
antarctic isolate* but not in T. pseudonana (figure 1). Instead T.

pseudonana incorporated more newly fixed carbon into the LMW

component. In both cases, the fraction that was negatively
effected by prolonged darkness was protein.

Figure 2 demonstrates the effects of photon flux density and
temperature in the incorporation of carbon into lipid by the
unidentified isolate upon return to light from extended periods
of darkness. Decreased light intensity increased the effect of
darkness on incorporation into lipid. However, low tem-
perature (- 1.8°C) apparently reduces the effect.

To determine species variability, three other antarctic diatom
species were tested using the same method used with the
unidentified isolate. There was considerable species-to-species
variability (figure 3). The only consistent result was the de-

* The majority of experiments conducted used an antarctic species
originally identified as Thalassiosira sp. (clone AA-3). There is some
question as to the correct name of the organism and therefore, the
label "unidentified isolate" is used in this report.

creased amount of newly fixed carbon in the protein fraction. Li
and Platt (1982) found no significant increase incorporation of
carbon into lipid in their arctic study and concluded that possi-
bly the species differences between arctic and antarctic phy-
toplankton could account for the differences. It is also possible
that species-to-species variations in carbon fixation patterns
within the arctic population sampled by Li and Platt could
modulate the results of bulk-water carbon-uptake experiments.

Time-course experiments performed in our lab (unpublished)
have indicated that there is considerable apparent protein syn-
thesis during the dark period of a normal light/dark cycle at the
expense of lipid and/or LMW compounds in these algae. It is
conceivable that this apparent synthesis would continue in
extended darkness until all available carbon was exhausted leav-
ing the lipid and/or LMW components depleted. The de novo
synthesis of lipid and/or LMW upon return into the light from
extended darkness may be driven by the need for these com-
pounds. Further analyses have shown that the increased carbon
incorporation into lipid is associated with polar lipids, most
likely membrane components. Visual examination of cultures
held in the dark as well as chlorophyll analyses showed the cells
to have shrunken protoplasts and reduced chlorophyll content.

Investigations are currently underway to ascertain if there
may be polar lipids or lipid precursors that are extracted with
the LMW fraction as an artifact of the extraction procedure. If this
were so, it might account for the variability seen between these
two fractions as to which one dominates the carbon assimilation
upon return to the light from extended darkness.

Figure 2. Effect of extended darkness on patterns of photosynthesis for an unidentified antarctic isolate held at (1) 5°C in two light intensities
and (2) two temperatures at a photon flux density of 90 microEinsteins per square meter per second. [Carbon-14 ( 14C) is plotted against days of
darkness. "L-M-W" denotes low molecular weight.]
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This research was supported by National Science Foundation
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Phytoplankton from the southwestern
Atlantic and Indian Oceans

GRETA S. FRYXELL, KURT R. BUCK, and
EDWARD C. THERIOT

Department of Oceanography
Texas A&M University

College Station, Texas 77843

Our work has involved field and laboratory studies of phy-
toplankton in order to relate to on-going krill studies and learn
more about the biology of the organisms in the waters sur-
rounding Antarctica.

Cooperation with the British Antarctic Survey (BAs) yielded
valuable phytoplankton collections on the RRV John Biscoe, cruise
3, from the vicinity of the South Georgia Island in 1981-1982
(Fryxell, Johansen, and Doucette 1982) Analysis of these sam-
ples is underway with early attention being given to the 100-0-
meter vertical phytoplankton net (37-micrometer mesh) hauls.
The same diatom species generally occurred at all stations but in
different relative abundances. Nearshore areas and offshore
stations with high chlorophyll a concentrations (data supplied
by R. B. Heywood, BAS), were dominated by Thalassiosira scotia
G. Fryxell et Hoban and Chaetoceros socialis Lauder. Offshore and
midwater areas with low chlorophyll a concentrations weri
dominated by several species of Nitzschia that form ribbon colt
nies, including N. kerguelensis (O'Meara) Hasle and N. sublinci

Hasle, and by Rhizosolenia hebetata forma semis pina (Hense
Gran. Examination of cleaned and mounted samples ak.
provided an opportunity in our laboratory to test a key to ti
antarctic Thalassiosira species (Johansen and Fryxell in prepai
tion). It will also be tested in the field by J . Priddle, BAS, on a hit
austral winter cruise (1983) on board the RRV John Biscoe.

Cleaned and mounted net collections aid identification ol
different water masses, but small noncolonial diatoms are un-
derrepresented; phytoplankton species without siliceous ele-
ments are completely destroyed by the acid-cleaning methods
employed. To augment net collections, we are analyzing dis-
crete whole water samples from the water column from selected
stations. This method is more time consuming, and identifica-
tion of many cells in water amounts is imprecise, but the actual
and relative abundance of soft algae and small diatoms is more
accurately represented. Species dominance patterns in these
samples resemble those in the net collections except that micro-
flagellates (about 5 micrometers or less in diameter) represent
about 25-50 percent of the total cell count in the settled water
counts (Theriot, in preparation*) . There is little variation with
depth (within the upper 50 meters), but differences exist in the
kinds and amounts of phytoplankton from 9tations with high or
low chlorophyll a values. Cooperative analysis with R. B.
Heywood, J . Priddle, and T. M. Whitaker, BAS, on interactions
among phytoplankton, krill, and physicochemical factors is
underway.

An earlier report dealt with Thalassiosira scotia dominating in
an early spring bloom (1978) in a transect north of South

* Work is in progress; draft copy not yet available.

Georgia (figure 1). In a few stations both north and south of
South Georgia, large numbers of cells were seen again and
resting spores of T. scotia abounded. The concept of evolution-
ary advantage of the costly process of resting spore production
has been interesting to explore (Fryxell 1983b). There are many
cell divisions "lost" to vegetative reproduction, plus the vege-
tative theca, and eventually the heavier resting spore theca is
also cast off (Fryxell 1983a). If the resting spores are produced at
the terminus of a bloom, then sinking of the resting spore could
carry the population into other regimes. The predominant west
wind, a real factor on South Georgia, could not account for
similar currents that could maintain what may be annual
blooms of Thalassiosira on both sides of the island but could
account for the northward extension in 1978.

Figure 1. Thalassiosira scotia, diatom resting spore (top), still en-
cased in vegetative epitheca (bottom) from ARA islas Orcadas cruise
1977-1978, station 34 (51 047'S 39030'W) 5 October 1978. Scale = 10
micrometers. Scanning electron micrograph.

Collections from the RRV John Biscoe, as well as from the
Norwegian Antarctic Expedition 1976-1977 and Brattegg cruise
(1947-1948), the HMNZS Endeavour (1957), together with the
Combined Antarctic Expedition of the M/V Ob (1955-1959) re-
sulted in a study of two species of Thalassiosira (Fryxell and
Hasle 1983). One of the species is unusual in that some lines of
areolae are extended, sail-like, out from the valve in some cases
(figure 2). The Soviet samples, studied by the late Olga G.
Kozlova, to whom the Fryxell and Hasle paper is dedicated,
were taken utilizing industrial separators that allowed even the
smallest cells in the water column to be concentrated in num-
bers large enough for study. Work continues on other interest-
ing species, especially those that now give evidence of resting
spore production and had been overlooked previously.

In a related project, analysis of water-column samples col-
lected in 1981 on board the SA Aguihas by M. A. Meyer (figure 1
in El-Sayed and Hampton 1981) are being analyzed. Water
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Figure 2. Thalassiosira dichotomica diatom valve with sail-like ex-
tensions of areolae walls as first seen in her light microscope by
Kozlova from collections on the Ob, (approximately 65 0S 930E) 9-10
January 1957. Scale 10 micrometers. Scanning electron
micrograph.

samples from seven depths at each of eight stations along two
transects, one oriented east-west at about 69°S and the other
north-south at about 30°W, are being enumerated on an inver-
ted microscope after settling. Preliminary results indicate that
the phytoplankton population is dominated by small pennate
diatoms [e.g., Nitzschia cylindrus (Grunow) Haste and N.
pseudonana (Hasle) Haste] and by unidentified microflagellates,
although cryptomonads, prasinophytes, and other larger soft-
bodied autotrophs were consistent components. Heterotrophs
were numerically dominated by loricate choanoflagellates
(Acanthoecidae) [Buck in preparation (a)*], although this com-
ponent of the settled samples was usually present at con-
centrations an order of magnitude less than the autotroph num-
bers (figure 3). These findings are contrary to data obtained
from the Weddell Sea ice edge (Buck and Garrison in press)
where Phaeocystis pouchetii (Hariot) Lagerheim (Prym-
nesiophyceae) was usually the dominant autotroph, and
choanoflagellates were, at some locations, the dominant pro-
tists. The findings of both studies support the emerging para-
digm of the importance of autotrophic and heterotrophic
nanoplankton to the trophodynamics of antarctic waters.

Visual inspection of this cruise's data revealed no marked
differences in species assemblages among stations. Planned
statistical analyses of these data include correlation with pro-
tists, krill, and physicochemical data [Buck in preparation (b)*]
as well as a comparison of these data from the oceanic waters
north of Queen Maud Land during the late summer and early
fall to those over the Georgia Rise and coastal waters around
South Georgia during late spring and early summer.

* Work is in progress; draft copy not yet available.

From samples shared with us from the laboratory of C. W.
Sullivan, preliminary work has been done on samples growing
in and under the ice at McMurdo Sound (Medlin and Hasle in
preparation*) . This flora contains many interesting pennate di-
atoms and is in marked contrast to ice samples previously
reported from the Weddell Sea (Buck and Garrison 1982), per-
haps in part because of the different manners of ice formation
(Garrison and Buck 1982).

Cultures of antarctic species have proved interesting to main-
tain, and work is continuing. Although resting spores have
rarely, if ever, formed in our cultures at temperatures close to
that of sea ice in clones of Thalassiosira antarctica Comber and
Porosira glacialis (Grunow) Jorgensen, morphological dif-
ferences have been noted in the scanning electron microscope,
all dealing with the siliceous structure of the frustule thus far
[Villareal and Fryxell in press (a)]. There is no evidence of a
slow, gradual change with reduction of temperature but rather a
discrete change with reduced or missing external tubes and
greatly constricted openings on the valves in what we now
recognize as the "cold-water form." We are looking for evidence
of these forms in ice algae.

Both field and culture material has been used to study the
diatom genus Actinocyclus [Villareal and Fryxell in press (b)],
which includes the antarctic, ice-associated diatom A. ac-
tinochilus (Ehrenberg) Simonsen (same as Charcotia actinochilus).
The degree of symmetry would indicate that it possesses at least
some primitive characters, although the presence of a single
pseudonodulus at the edge of the valve face introduces dissym-

* Work is in progress; draft copy not yet available.

DIATOMS DINO- MLCFQ- CHOANO-
FLAGELLATES

Figure 3. Range of cell concentrations for the four major groups of
protists enumerated from the water column In the southwest Indian
Ocean. 1981 SA Aguihas cruise.
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metry. The combination of field and culture work provides
insight we can obtain in no other way.

This research was supported by National Science Foundation
grant DPP 80-20381.
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Phytoplankton studies in the sector
between Africa and Antarctica

SAYED Z. EL-SAYED
LARRY H. WEBER

and ELZBIETA E. KOPCZYNSKA*

Department of Oceanography
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College Station, Texas 77843

Two cruises aboard the South African research vessel SA
Aguihas (28 February to 2 April 1980 and 10 February to 20
March 1981) have provided a suite of valuable information on
the phytoplankton, krill, and physicochemical environment of
the oceanic waters in the sector between Africa and Antarctica
(see El-Sayed and Hampton 1980, 1981 for details). We report
here on two aspects of this data set which have been analyzed
during the past year, namely, phytoplankton species and con-
tainment effects.

Discrete water samples collected and preserved during the
1980 Aguihas cruise (figure) were subjected to quantitative phy-
toplankton species analysis using a Zeiss inverted microscope
(Utermöhl method). Samples were collected from depths corre-
sponding to 100, 54, 30, 16, 8, 1, and 0.1 percent of surface light
intensity. Three to seven depths were analyzed for each of the
25 stations occupied. Mean water-column cell densities were
significantly (p=0.0001) greater for diatoms in antarctic than

* Present address: Department of Polar Research, Institute of Ecology, Polish
Academy of Sciences, Dziekanow, Lesny, Poland.

subantarctic waters but were significantly less for dinoflagel-
lates and the group of monads plus flagellates (table 1). Four
antarctic stations exhibited diatom concentrations of greater
than 1.1 x 106 cells per liter. Two of these were located in open
waters north of Queen Maud Land (stations 3 and 5) and two
were in oceanic waters to the southeast of Bouvet Island (sta-
tions 17 and 18). Cell counts at most depths at these stations
exceeded 1.0 x 106 cells per liter. The group of monads plus
flagellates occurred in high abundance at only one antarctic
station (station 3), where a maximum of 2.0 x 106 cells per liter at
the 0.1 percent light level increased the mean water-column
concentration of this group to 1.1 x 106 cells per liter. Total cell
counts at the remaining stations were relatively low and usually
exhibited a fairly uniform distribution in the water column.

Of the approximately 100 species of diatoms identified, the
most frequently encountered species were: Chaetoceros atlanticus
Cleve, C. criophilus Castracane, C. dichaeta Ehrenberg, and C.
gracilis Schutt; Corethron criophilum Castracane; Dactyliosolen ant-
arcticus Castracane and D. tenuijunctus (Manuin) Hasle; Rhi-
zosolenia alata f. inermis (Castracane) Hustedt and R. hebetata f.
semis pina (Hensen) Gran; Thalassiosira gracilis v. expecta Fryxell

Table 1. Water-column cell concentrations (mean cells per liter ± SD

from samples collected during SA Aguihas cruise
(28 February to 2 April 1980)

Antarctica	Subantarcticb

Diatoms	 6.0 ± 4.4 x 105	2.3 ± 2.3 x 10
Dinoflagellates	 2.1 ± 3.1 x 104	6.7 ± 4.9 x 10
Monads plus flagellates	1.8 ± 2.5 x 105	6.1 ± 4.4 x 10

a Total number of samples: 102.
b Total number of samples: 29.
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Tracks of the 1980(A) and 1981(B) SA Aguihas cruises.

et Hasle; and Nitzschia angulata Hasle, N. curta (Van Heurch)
Hasle, N. cylindricus (Grunaw) Hasle, N. Kerguelensis (O'Meara)
Hasle, N. pseudonana Hasle and N. turgiduloides Hasle.

In conjunction with the carbon-14( 14C) primary productivity
studies done on the 1981 Aguihas cruise, an experiment was
carried out to determine how containing natural phytoplankton
communities affects phytoplankton standing stock and meta-
bolic activity. Surface seawater was collected from three dif-
ferent water masses: the antarctic (stations A and B), suban-
tarctic (stations C and D), and subtropical (stations E and F)
regions of the southwestern Indian Ocean (see figure). One-
hundred-and-fifty-milliliter aliquots were contained in Whirl-
Pak bags and incubated on deck at sea-surface temperature

under natural sunlight. The experiment was designed as a 2 x 5
x 6 factorial consisting of two treatments (control or 14C-la-
beled), five incubation periods (0, 2, 4, 8, or 24 hours), and six
stations. Three replicates were measured for each parameter in
each cell of the factorial. Analysis of variance showed that 80
percent or more of the variability in nearly all the measured
parameters [i.e., photosynthesis, extracellular excretion of dis-
solved organics, chlorophyll and phaeopigment concentration,
chlorophyll to phaeopigment ratio, adenosine triphosphate
(ATP), and total adenylate concentration] was accounted for by
the station location and the period of incubation. For energy
charge the model had an R2 value of 0.60. Inoculation of a
sample with 14C-labeled sodium bicarbonate (NaHCO 3) ap-

Table 2. Coefficient of determination (R 2) and level of significance (p) for the general linear models procedure testing whether or not the
parameters measured at each station were a function of incubation period

Experiment
Variable	 A	 B	 C	 D	 E

	
F

R2	p	R2	p	R2	p	R2	p	R2	p
	R2	p

Photosynthesis	 .93	.0001	.65
	

03	.89	.0003	.79	.004	.57	.07	.84	.002
Extracellular excretion	.14	.76	.89

	
0003	.49	.13	.46	.16	.39	.24	.34	.31

Chlorophyll	 .44	.01	.88
	

0001	.89	.0001	.36	.04	.91	.0001	.49	.004
Phaeopigments	 .46	.01	.38

	
03	.27	.13	.37	.03	.81	.0001	.43	.01

Pigment Ratio	 .15	.46	.38
	

03	.38	.03	.66	.0001	.61	.0002	.15	.44
ATP	 .23	.20	.23

	
19	.45	.01	.23	.21	.35	.05

Total adenylates	 .77	.0001	.18
	

32	.55	.001	.50	.003	.30	.09
Energy charge	 .46	.03	.63

	
0002	.26	.14	.16	.41	.20	.30

a	denotes not measured.
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peared to have little or no effect on the phytoplankton. When
examining each station individually, we found the period of
incubation had variable, and seemingly unpredictable, effects
on the parameters considered (table 2). The most striking obser-
vation was a consistent exponential decrease in chlorophyll over
time, so that the average concentration after 24 hours was only
50 percent of the initial value. At one station in each water mass,
this decrease in chlorophyll was significant (p < 0.05) at each
time increment.

Results of this experiment confirm that, similar to tropical
phytoplankton (Venrick, Beers, and Heinbokel 1977; Gieskes,
Kraay, and Baars 1979), high latitude phytoplankton commu-
nities are sensitive to containment even for short periods of
time. This again suggests that incubation times for phys-
iological rate measurements should be held to a minimum, and
that obtained rates must be interpreted with caution.

The large data set from the two Aguihas cruises is presently
being subjected to spectral and multivariate analysis. We antici-
pate that the results will lead to a better understanding of the

complex interrelationship between phytoplankton, krill, and
the physical/chemical environment.

This research was supported, in part, by National Science
Foundation grant DPP 81-11107.
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Oceanography of the antarctic
marginal ice zone
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DAVID M. NELSON
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Corvallis, Oregon 97331

The waters near the receding ice edge in the southern ocean
have been reported to be sites of intense biological activity. This
activity includes large accumulations of marine mammals,
birds, and phytoplankton and seems to be in contrast to the
relatively low primary productivity measured over much of the
southern ocean (Holm-Hansen et al. 1977). In January-February
1983 we conducted an investigation of the causes and spatial
extent of ice-edge phytoplankton blooms. The study was con-
ducted onboard the USCGC Glacier in the area north of McMurdo
Sound (figure 1). A total of 37 stations were completed in the
region during leg II as well as seven additional stations off the
Ross Ice Shelf in leg III. Surface samples were also collected at
selected locations between full stations. Water samples were
collected using specially constructed polyvinyl chloride
samplers, and subsamples were collected for: salinity; nutrients
(nitrate, nitrite, ammonium, silicic acid, and phosphate); chlo-
rophyll a; particulate carbon, nitrogen, and silicon; and phy-
toplankton taxonomy. Additional samples were collected for
analysis of primary productivity and nutrient (nitrate, am-
monium, and silicic acid) uptake rates. Conductivity and tern-

perature profiles were made using an Applied Microsystems,
Ltd. CTD.

The sampling program was designed to test a number of
hypotheses, each of which could be a factor in the establishment
of phytoplankton blooms at the ice edge. Our primary hypoth-
esis was that meltwater from the receding ice edge created a
vertically stable region, thereby providing optimum light levels
for phytoplankton growth in the presence of high nutrients.
Other hypotheses that were tested include ice-edge upwelling
(which could provide increased nutrients for growth), de-
creased turbulence (due to decreased wind-induced turbulence
by the presence of ice), and "seeding" of the bloom by epontic
algae which had been released into the water column via melt-
ing. It is important to note that the hypotheses are not mutually
exclusive; that is, ice-edge blooms can be induced by vertical
stability yet seeded by recently released ice algae. We hoped to
determine which process or processes are the major ones in the
initiation and propagation of the blooms.

A massive bloom was observed during the entire cruise, with
maximum water-column chlorophyll concentrations averaging
4.08 ± 1.46 milligrams of chlorophyll a per cubic meter. Al-
though we have not yet been able to analyze the density/chlo-
rophyll distributions, chlorophyll/temperature profiles indicate
that in regions of melting pack ice, a stable surface layer was
created which then became the site of active phytoplankton
growth and accumulation (figure 2). Although ice melt probably
would not result in a warmed surface layer per Se, we feel that the
stable layer created by low-density meltwater was then inten-
sified by the heat absorbed during the constant 24-hour radia-
tion in the austral summer. In contrast, stations along the Ross
Ice Shelf showed no surface modification of salinity or tem-
perature, and phytoplankton biomass was not strongly corre-
lated with water-column density structure (figure 3).

Although data analysis is proceeding, we are confident that
our study will show the importance of the marginal ice edge as a
substantial area of increased phytoplankton biomass and pro-
duction. By further documenting this effect and understanding
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Figure 2. (Above) Temperature and chlorophyll profiles from the
marginal ice zone (station 3, leg II). Temperature data taken from	 100
expendable bathythermograph trace. (Depth is in meters; chlo-
rophyll is in milligrams per cubic meter.)

Figure 3. (Right) Temperature and chlorophyll profiles from a sta-
tion adjacent to the Ross ice Shelf (station 8, Glacier leg Ill; 78°06'S
178036'E). Temperature data taken from conductivity-temperature-
depth profile (courtesy of S. S. Jacobs). (Depth is in meters; chlo-
rophyll is in milligrams per cubic meter.)	 150
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its dynamics we can assess more accurately the overall produc-
tivity of the southern ocean and the role that ice-edge blooms
play in the trophic dynamics of the system.

This study was supported by National Science Foundation
grant DPP 81-19572. J . Elser, P. Whaling, D. Wilson from the
University of Tennessee-Knoxville and M. Carbonell, S. Moore,
and C. Weimer from Oregon State University assisted in the
field study.
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Biomass and caloric studies on
marine invertebrates and algae at
Kerguelen, southern Indian Ocean
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Department of Biology
University of South Florida

Tampa, Florida 33620

The Iles de Kerguelen, located just below the Antarctic Con-
vergence (figure), are associated with a rich and extensive group
of echinoderms. The distribution and densities of the echi-
noderms in the extensive Baie du Morbihan were reported by
Guille (1977), and their composition and biomass were reported
by Lawrence and Guille (1982a, 1982b).

We were at Kerguelen from 31 December 1982 to 15 February
1983 to study the bioenergetics of echinoderms in collaboration
with Alain Guille of the Museum of National d'Histoire
Naturelle in Paris, who has worked extensively in Kerguelen
and with whom Lawrence had collaborated in studies on Ker-
guelen in the austral summer of 1980.

The large number of echinoderm species on Kerguelen are of
particular interest, because many of them are polar species
occurring in a considerably different environment (Arnaud
1974). An interesting aspect of these species is the higher inci-
dence of direct development of their embryos (which involves
brooding by female) in comparison to echinoderms of the arctic
region (Thorson 1950; Arnaud 1974). The bases for direct de-
velopment of embryos, let alone for brooding, are uncertain.
Energetic considerations are the bases for some hypotheses
(Chia 1974, Strathmann and Strathmann 1982).

To test such hypotheses, we collected females of the heart
urchin, Abatus coradus a brooding starfish. Brooded eggs and
juveniles were counted, weighed, and lyophilized. These dried
samples are being analyzed to ascertain the relative amounts of
protein, carbohydrates, and lipid in the eggs and the changes
which occur during embryonic development. The caloric equiv-
alents of these organic constituents will indicate their relative
contribution to the egg, the investment of the female in the
eggs, and the cost of development. The results will be com-
pared with those for another brooding echinoderm from the
antarctic coast (Turner and Dearborn 1979) and for one from the
California coast (Turner and Rutherford 1976). (Additional spe-

cies of echinoderms were collected, but their reproductive state
and the presence of juveniles indicated that the peak of their
spawning probably had occurred in November.)

Descriptions of the intertidal zonation in the Baie du Mor-
bihan have been given in general terms (Arnaud 1974; Bellido
1982; Delephine 1963; Grua 1971). We did a quantitative transect
of the rocky intertidal area from the lichen zone to the extreme
low water below the Durvillea belt. All macroalgae in quadrats
were removed and weighed. All macroinvertebrates in quad-
rats, except the highly mobile isopods, were counted and mea-
sured. Specimens of each species of algae and invertebrates
were dried. These are being analyzed for organic composition
which will allow both organic and energetic representation of
the components of the intertidal zone.

Highest tidepools contained only encrusting coralline algae
with large numbers of the small chiton, Hemiarthrum setulosum.
Midlevel tidepools had a limited variety of green, brown, and
red macroalgae with large numbers of small mussels (Aulocomya
ater predominating over Mytilus edulis), chitons, and anemones.
Below the Durvillea belt low-growing macroalgae were associ-
ated with extremely high densities of A. ater (up to 336 per

70°E

I 30 km 
1

Iles de Kerguelen in the southern Indian Ocean. Arrow Indicates
location of Port-aux-Françals on the coast of the Bale du Morblhan.
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square meter). The level of the extreme low tide was the only
portion of the transect which had no bare rock surface. The
limpet, Kerguelenella lateralis, was found on exposed rock sur-
faces from low tide to extreme high tide. Although these limpets
may remain in certain locations for extended periods of time,
field experiments indicate that individuals may move considera-
ble distances during a period of immersion.

This research was supported by National Science Foundation
grant DPP 82-12702 and by Territoires Australes et Antarctique
Françaises.
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Echinoderm studies along the
Antarctic Peninsula

JOHN H. DEARBORN, KELLY C. EDWARDS,

DAVID B. FRATT, and WILLIAM E. ZAMER

Department of Zoology
University of Maine at Orono

Orono, Maine 04469

During Wv Hero cruise 83-3, 25 February to 22 April 1983,
University of Maine personnel K. Edwards, D. Fratt, and W.
Zamer conducted field work along the Antarctic Peninsula as
part of a study to clarify the trophic position of selected as-
teroids and ophiuroids (sea stars and brittle stars) within the
antarctic marine ecosystem. Several approaches have been used
to address this problem, including detailed analyses of stomach
contents, observation of feeding behaviors under laboratory
conditions, and scanning electron microscope (sEM) studies of
the morphology of feeding structures. Underwater photogra-
phy with a Benthos (Benthos, Inc., North Falmouth, Mas-
sachusetts 02556) model 371 underwater camera and model 381
underwater flash was used to observe asterozoans under natu-
ral conditions. During this final field season, emphasis was
placed on the collection of several asterozoan species not pre-
viously found in sufficient numbers for reliable diet analysis.
These included the asteroid Granaster nutrix and ophiuroids
Astrotoma agassizi (figure), Ophiosparte gigas, and Ophiurolepis
ge/ida.

I

A euryalld brittle star Astrotoma agassizii (disc diameter 45 milli-
meters) clinging to the stand pipe in a laboratory holding tank at
Palmer Station. This species uses its flexible arms to capture small
zooplankton, primarily copepods. (Photo taken 15 March 1983 by
Kelly C. Edwards.)
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Sampling localities ranged from the Argentine Islands in the
south, to the Bransfield Strait and Hope Bay (Bahia Esperanza)
in the north. A total of 17 trawl stations were made at depths
ranging from 30 to 676 meters. At three of these stations, intact
sediment samples were obtained with a grab sampler. Analysis
of this sediment will provide information on bacterial and meio-
faunal abundance and on the composition of the diatom flora.
Comparisons of environmental sediment with sediment from
stomachs of organisms taken at the same sites will help to
determine the diets of a number of deposit-feeding
echinoderms.

Eight camera stations were made at depths ranging from 52 to
676 meters. A total of 15 rolls of film was used. These pho-
tographic data provide information on the distribution, orienta-
tion, and associations of echinoderms and other
macroinvertebrates.

A total of 153 whole or dissected specimens of asteroids and
ophiuroids was taken for morphological study with SEM. Two
fixatives were used in processing these samples. Some spec-
imens were fixed in a phosphate buffered solution of 4 percent
formalin, 1 percent glutaraldehyde. Others were fixed in 2
percent glutaraldehyde in 77 percent seawater. All specimens
were retained in the fixative solutions for transport and subse-
quent storage.

At each trawl station, extensive collections of echinoderms
were preserved for later analysis of stomach contents. Some
large asteroids such as Pilaster charcoti, Bat hybiaster loripes obesus,
and Diplasterias brucei were measured, sexed, and dissected
aboard ship. Stomach fullness was noted and gut contents pre-
served for complete analysis in Maine. Smaller asterozoans
were preserved whole. Representative collections of selected
invertebrates were also preserved from most localities as part of
a cooperative program with the Smithsonian Oceanographic
Sorting Center.

In addition to the work conducted aboard IIv Hero, numerous
shallow-water collections in the vicinity of Palmer Station were

made by hand or by traps set from zodiacs. One particular
objective of this local work was the collection of the shallow-
subtidal sea star Granaster nutrix. This little-known asteroid is
abundant on rocky substrates throughout Arthur Harbor, but
can be extremely difficult to collect because of its habit of wedg-
ing itself into crevices and under rocks. Previous attempts at
dip-netting this sea star from zodiacs have met with little suc-
cess. This season a sufficient number of specimens was ob-
tained by wading and SCUBA for reliable analysis of gut contents
and morphological variation.

We succeeded in measuring two fundamental physiological
parameters of Granaster nutrix in the Palmer Station laboratory.
Oxygen uptake rates were determined by Winkler titration on
animals that had been maintained at -0.50C ± 0.5 0, 34.5 %
salinity and starved for 10 days. In two separate experiments 13
animals of the available size range (0.20-0.94 grams whole ani-
mal wet weight) were used to determine the metabolism-size
relationship for this animal. Values of oxygen uptake ranged
from 11 to 64 microliters per gram per hour. The equation
relating the logarithm of oxygen uptake (y) to the logarithm of
whole animal weight (X) is y -0.9298X + 1.0898; r 2 = 0.509.
Ammonia excretion rates were measured using a spec-
trophotometric method. Nine animals were incubated for 90
minutes in 25 milliliters of sea water (34.5 %o salinity) main-
tained at -0.5°C ± 0.5°; all animals were starved for 10 days.
Ammonia excretion rates were 8.7-57.0 nanomoles per gram
per hour. (Whole animal wet weight range was 0.38-0.94
grams.) From the oxygen uptake data and these ammonia excre-
tion rates, oxygen-to-nitrogen atomic ratios have been calcu-
lated. Data were also obtained on the proximate biochemical
composition and ash content for this unusual asteroid.

We are indebted to Capt. Pieter J . Lenie and the crew of the
RIv Hero for excellent field assistance and to personnel at Palmer
Station for laboratory support. Pat Mosier and Mark Olson
carried out the SCUBA operations. This work was supported by
National Science Foundation grant DPP 79-21537.

Superswarms of antarctic krill
(Euphausia superba Dana)

ERIC SHULENBERGER

San Diego Natural History Museum
San Diego, California 92112

In February-March 1981 over 20 U.S. scientists participated
in cruise Vulcan leg 7 (R/v Melville, Scripps Institution of
Oceanography) to the Scotia Sea (figure 1). We originally in-
tended to do a statistical investigation of the open-sea patches of
krill (Euphausia superba Dana) which are well known in the
popular literature, but about which there is disconcertingly
little detailed information. We found no "ordinary" krill swarms
but received reports (from the German R/V Meteor) of a massive

krill swarm near Elephant Island, just off the tip of the Palmer
Peninsula (figure 2). We located the swarm initially due to the
presence of a very large Soviet trawler fleet which was harvest-
ing the krill (we observed over 40 trawlers at one time, by
unaided eye, from the Melville's bridge). We located and map-
ped the patch acoustically (Macaulay, Antarctic Journal, this is-
sue): it was several kilometers wide in both horizontal dimen-
sions, up to several hundreds of meters thick, performed no
diurnal vertical migration, and had no surface manifestation.
The krill patch was nearshore, occurring near "shelf breaks"
(figures 2 and 3). It had very sharp lateral and upper boundaries
(figure 3), and was persistent and mobile. We adopted the term
"superswarm" to describe the phenomenon. Macaulay's acous-
tic estimates gave a total krill biomass for this superswarm of
about 2-10 million tons: up to 10,000 animals (10 kilograms per
cubic meter. If accurate, this is the largest collection of one
species of animal tissue ever discovered on Earth. This super-
swarm phenomenon had basically not been documented or
reported before.
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Figure 1. Region investigated by Fl/V Melville (cruise Vulcan, legs 6 and 7), January—March 1981.

Our limited shiptime forced simple goals upon us: (1) try to
describe the phenomenon as best we could and (2) get net
samples from which we might be able to infer the superswarm's
function in the species' ecology. We used a Multiple Opening-
Closing Net and Environmental Sensing System (nicknamed
"MOCNESS"): it is controlled from the deck and provides real-
time readouts of depth, angle and speed of tow, temperature,
etc. We aimed our towing using Macaulay's simultaneous
acoustic results, and performed 25 tows (8 nets per tow). From
these zooplankton samples all adult krill have been sorted out,
identified, and measured. (For copepod results, see Wormuth,
Antarctic Journal, this issue.)

Abundance of total zooplankton and of krill varied tremen-
dously over the 25 tows: despite this, there is a very strong
tendency toward constancy of numerical rank-order of abun-
dance of various groups (copepods were always most numer-
ically abundant, euphausiids second, etc.). This consistency
extends across times of day, depths, and considerable horizon-
tal distance (scales from about 70 meters up to tens of kilo-
meters). The various taxonomic categories did not, however, co-
vary in abundance: there was no tendency for all groups to be
abundant in the same tows. Apparently the different groups
are responding either (1) differently to the same environment or
(2) to different aspects of the environment.

The superswarm is not composed entirely of euphausiids:
saips, amphipods, and phytoplankton are also included. There
is no evidence that any major category systematically excludes
other categories from subregions within the superswarm (ex-
cept euphausiid larvae, discussed below). The euphausiids in
the swarm are of several species (E. superba, E. crystallorophias,
Thysanoessa sp.). Adult euphausiids of various species co-occur
within the swarm on all spatial scales examined.

We also found that E. superba and Thysanoessa sp. larvae co-
occurred (in all tows) and were highly positively correlated in
abundance: this suggests that the two species' larvae (1) are not
interfering with one another and (2) are responding in parallel
ways to whatever environmental factors influence larval
abundance.

We found that between successive nets, each fished for as
little as 50-70 meters of horizontal travel, there could be up to
1.5 orders of magnitude difference in larval or adult abundance:
clearly there is intense patchiness on these relatively "small"
scales. Combining all eight nets in each tow into a single sample
(with horizontal length 300-2000 meters) we found the same
degree of variation.

Adult euphausiids are omnivorous and can eat their own
larvae. We captured adults and larvae together many times, but
statistical analyses showed that the larvae of E. superba tended
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strongly not to be abundant where adult E. superba were abun-
dant, and likewise with Thysanoessa. The larval vs. adult separa-
tions occurred in both horizontal and vertical directions. All this
makes good ecological sense, but we do not know how such
distributions are generated or maintained.

As yet, our analyses are incomplete, and the samples we
obtained are simply inadequate to answer most of the intriguing
questions: (1) How is such a huge swarm generated and main-
tained? (2) Where does the food come from to support such a
mass of euphausiids? (Or, indeed, are individuals in the swarm
actively feeding? Euphausiids can live for long periods without
eating.) (3) What is/are the function(s) of such a swarm? (Proba-
bly not breeding, for our samples contained not one egg-carry-
ing female euphausiid nor one loose euphausiid egg.) (4) What
percentage of the total antarctic krill population is represented
in these huge aggregations? (5) How many such swarms are
there scattered throughout the Antarctic? And finally, given all
this uncertainty about superswarms, (6) precisely what will be
the consequence to krill (and to the whales, sea birds, squid,
penguins, and seals which depend upon them) of intensive
fishing pressures that seem inevitable given man's need for
protein and his past failure to exploit intelligently marine living
resources?

Many of these questions will be investigated by us during our
next cruise (funded by the National Science Foundation for
February-March 1984 on the R/v Melville), which will be dedi-
cated to an intensive investigation of the Elephant Island
superswarm.

Cruise Vulcan was funded by National Science Foundation
grant DPP 79-21295 to Scripps Institution of Oceanography.
Analyses of krill samples were funded by National Science
Foundation grant DPP 81-20492 to the San Diego Natural History
Museum. I thank M. Macaulay for permission to use some of his
acoustic information, particularly figures 2 and 3.
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Antarctic krill (Euphausia superba)
swarms from Elephant Island

MICHAEL MACAULAY

Northwest and Alaska Fisheries Center
Seattle, Washington 98115

The National Oceanic and Atmospheric Administration
funded a project to participate with a collaborative project sup-
ported by the National Science Foundation. The purpose of the
experiment was to investigate open-sea patches of krill, as well
as to gather other biological and physical data. The observations
presented in this paper were taken on the iIv Melville during the
second survey of the Scotia Sea (cruise Vulcan, leg 7) 26 Febru-
ary to 27 March 1981.

Primary acoustic observations were made by simultaneous
soundings with 50- and 120-kilohertz sounder,  systems. A side-
looking 105-kilohertz system was used to detect the presence of
krill in the upper 5 to 10 meters which would not be detected by
the downward-directed systems. Frequency modulated analog
recordings of the envelope-detected signal from each of the
three frequencies were made in the field.

Analyses were done using the NWAFC Acoustic Research Con-
tainer computer system by echo integration (SCAR 1981). This
method estimates the abundance (weight per unit volume) of
targets present in the water column for any depth interval
where target strength is known or can be estimated by length-
frequency or length-weight relationships. The estimates of

average abundance over the total water column selected was
calculated to 250 meters or to bottom, whichever occurred first.

Transects were subdivided to give a similar number of obser-
vations in each group and combined into blocks of area for
calculation of biomass. These blocks were selected to give a
range of sizes for statistical comparison. The variance associated
with these biomass estimates was computed by two indepen-
dent methods. The first used serial correlation; the second used
the cluster sampling estimator method of Williamson (1982) as
an independent method for comparison.

During the survey, numerous patches and large con-
centrations of krill were found. The average size patch was 100
to 500 meters in horizontal extent by 40 to 60 meters in vertical
extent with mean abundance of 50 to 200 grams per cubic meter
(approximately 75 to 300 individuals per cubic meter). The very
large swarm found northwest of Elephant Island contained
abundances up to 600 to 800 grams per cubic meter, but typ-
ically abundance was 300 to 500 grams per cubic meter. The
large biomass was due to distributions that extended as deep as
250 meters and the large area covered (150 square kilometers).
In the shallow area northwest from Elephant Island, con-
centrations of krill were found in layers associated with the 100-
to 150-meter depth contour.

Two large swarms were observed in the vicinity of Elephant
Island. The first occurred from 1 to 3 March and the second
appeared on 7 March and was being fished by more than 40
Soviet trawlers. The Soviet fleet had also been fishing in the
vicinity of the earlier swarm. After a survey period in Bransfield
Strait, the Melville returned to Elephant Island. This second
occupation was characterized by a lower incidence of patches
with some associated with shallow regions near the island. The
Soviet fleet had also dispersed and only a few vessels remained
in the area.
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Figure 1. Contour plot of data from 5-8 March. (Blocks A, B, and C.)

Biomass as well as 95 percent confidence limits around the
biomass estimates were computed using the two variance mod-
els (table). The variance calculations by area indicate that the
simple variance underestimates the variance associated with
sampling serial data of this type. The intent of the comparison
of variance calculation methods was to demonstrate the need for

Biomass by block and variance estimators (95 percent confidence
limits) for estimated biomasse

Simple	Serial	Cluster
Block	Biomass	variance	correlation	analysis

(N)	 (MMT)	(MMT)	(MMT)	(MMT)

A (396)	0.1221	0.0029	0.0909	0.0620
B (316)	0.2067	0.0119	0.1960	0.2164
C (976)	2.1280	0.0259	2.0890	1.2290
0 (348)	0.0988	0.0017	0.0630	0.0343
E (1288)	0.2059	0.0020	0.2453	0.0861
F (40)	0.1317	0.0121	0.0827	0.1191

a "MMT" denotes million metric tons; N" denotes number of observations
used in calculations. 95 percent confidence interval is 1.96 \/'i?

some type of estimator which includes the effect of serial
correlation.

The potential impact of fishing on such a population (if there
are aspects of reproductive behavior associated with its forma-
tion) make better understanding of the causes and frequency of
occurrence of this phenomenon imperative. This large con-
centration of biomass also demands special treatment during
acoustic surveys. Because of the relatively rare occurrence and
association with adjacent geographic features, such as islands
and ice edges, large swarms must be treated separately from the
usual transect data.

The work was supported by special allocation of funds from
the National Oceanic and Atmospheric Administration.
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Zooplankton associated with
superswarms of antarctic krill

JOHN H. WORMUTH

Department of Oceanography
Texas A&M University

College Station, Texas 77843

A field program involving simultaneous acoustic and net
sampling was undertaken in February-March 1981 (see Mac-
aulay, Antarctic Journal, this issue, for acoustics and Shulen-
berger, this issue, for net sampling details). Both horizontal and
stratified oblique tows were taken in and around a large krill
swarm in the vicinity of Elephant Island. Most tows were within
the upper 80 meters because a large portion of the krill swarm
was in this portion of the water column.

We used a multiple opening-closing net and environmental
sensing system (MocNEss) which collected eight discrete sam-

ples per tow. We positioned the net according to the depth of the
krill "seen" by the acoustics. We took 25 tows and have com-
pleted the taxonomic analysis of all 200 samples (see Shulen-
berger, Wormuth, and Loeb in press, for additional details). The
samples were sorted for krill (Shulenberger, Antarctic Journal,
this issue), and all other specimens were identified. With few
exceptions, copepods dominated the samples numerically. The
copepods consisted mainly of five species (Calanus propinquus,
Calanoides acutus, Metridia gerlachei, Rhincalanus gigas, and Eu-
chaeta antarctica). The rank order of numerical abundance of
these five species was very consistent regardless of depth, time
of day, or horizontal distance. These five species also show a
significant tendency to covary in numerical abundance in the
same tows. This suggests that these copepod species are re-
sponding to the same environmental stimuli.

Within horizontal tows our spatial scale sampled per net was
kept as constant as possible within each tow. This resolution
ranged from about 90 meters to 300 meters. It was not unusual
to see 1-1.5 orders of magnitude variation in the numerical
abundance of copepod species between successive nets (fig-
ure). This variation does not appear to be related to variations in
the numerical abundances of the euphausiid species, except in a
few extreme cases.
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In the stratified oblique tows, we found some layers of very
high krill larvae density. In some of these, we found very low
copepod concentrations, but this pattern is inconsistent. It may
be that these taxa (larval krill, copepod species 1, 2, 3, 4, and 5)

are patchy on a scale smaller than our sampling interval. What
we see in our samples, then, may be the integration of one or
more of these patches. If sampling boundaries are occasionally
coincident with patch boundaries, we then see strong indica-
tions of exclusion. This is particularly likely to happen in this
type of sampling because we were trying to catch acoustic
targets.

Recent unpublished work (Boyd personal communication)
has shown that adult krill are omnivorous and can eat their own
larvae. Presumably they can eat similar-sized copepods as well.
The most abundant copepods, Calanus propinquus, Calanoides
acutus, and Metridia gerlachei are generally herbivores and
should be in competition with the krill for phytoplankton. Yet in
the dense krill swarms we still find relatively "normal" con-
centrations of copepods.

Although the counting of all our samples is complete, the
statistical analysis of the data will require several more months.
We will be bringing together the MOCNESS data and the acoustic
data to gain additional insight into this unique ecosystem.

The Vulcan Expedition was funded by National Science Foun-
dation grant DPP 79-21295 to Scripps Institution of Oceanogra-
phy. The analysis of the zooplankton was funded by National
Science Foundation grant DPP 81-21358 to Texas A&M. Cheryl
Shalan assisted in the splitting, sorting, and counting of the
samples.
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Larval growth and hatching under
pressure of eggs of Euphausia

superba

LANGDON B. QUETIN and ROBIN M. Ross

Marine Science Institute
University of California-Santa Barbara

Santa Barbara, California 93106

Although we conducted both laboratory and field studies on
Euphausia superba during the U.S. Antarctic Research Program
(USARP) 1982-1983, we will confine this report to two facets of
our laboratory work. During austral summer 1983, we con-
tinued our efforts to culture eggs and larvae of E. superba for
physiological and behavioral research. First, we followed the
change in wet weight during development from egg to the

calyptopis 3 stage (third feeding stage). Second, we conducted
preliminary experiments on the effect of increasing hydrostatic
pressure on egg development. The conversion of the science
library to a walk-in, constant-temperature room this past sea-
son greatly increased our culturing success, and allowed us to
conduct experiments at controlled temperatures, unlike the
previous season.

The new Cahn 26 electrobalance at Palmer Station enabled us
to determine wet weights of individual eggs and larvae. We
developed a standardized weighing procedure, because eggs
and larvae continually lost weight once removed from water.
Eggs from individual E. superba were cultured in 2-liter glass jars
maintained at 1.0° ± 0.3°C. Periodically during development
5-10 eggs or larvae from each of 2-6 broods were individually
weighed, except for the calyptopis 3 stage. We removed an
individual from the water with an eyedropper and placed it on a
plastic petri dish. Then we picked it up with a strip of filter
paper which wicked away excess water, before transferring the
egg or larva to a preweighed piece of weighing paper. The
weighing paper containing the individual was immediately
placed on the weighing pan of the electrobalance, and the
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weight was recorded after 10 and 15 seconds. Analysis of the
data indicated that the electrobalance stabilized adequately
within 10 seconds, so we used the wet weights recorded after 10
seconds.

The wet weight of F. superba increases almost five times from
egg (approximately 112 micrograms) to calyptopis 3 (approx-
imately 503 micrograms) in 55 days (figure 1). This increase in
wet weight is not continuous with age, but increase in steps
between larval stages. There is about a 130-microgram gain in
wet weight from metanauplius to calyptopis 1, a 112 microgram
gain from calyptopis 1 to 2, and a 170 microgram gain from
calyptopis 2 to 3 (figure 1). Since the calyptopis 1 stage is
believed to be the first feeding stage the rapid increase in wet
weight when the larvae molt from the metanauplius to the
calyptopis 1 stage is probably due to an increase in body water
content. This data agrees with our observation that E. superba
does not molt until it metamorphoses from metanauplius to
calyptopis 1. We have observed no molts-when larvae change
from nauplius to metanauplius and have found metanauplii
partially within the egg membrane that were unable to com-
plete hatching. From egg through metanauplius, we found only
a slight increase in wet weight and found no increase in wet
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Figure 1. Growth of the eggs and larvae of Euphausia superbaat 1.00
± 0.3°C. Specimens began as eggs on day zero. ("N" denotes nau-
plius; "M" denotes metanauplius; "C" denotes calyptopis; "s' de-
notes mean of larvae fed phytoplankton; "0" denotes mean of lar-
vae not fed; "I" denotes the 95 percent confidence interval. The 95
percent confidence interval was not calculated for the wet weight of
calyptopis 3. Numbers above circles denote the number of
measurements.)
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Figure 2. The schedule of increasing pressure with the' age of the
eggs of Euphausla superba. Eggs were maintained at 0.50 ± 0.1°C.

weight with age within either of the calyptopis 1 or calyptosis 2
stages. We also found no pattern of difference between the wet
weights of starved and fed calyptopis I larvae (figure 1).
However, the lack of difference may be due to cannibalism by
the "starved" larvae. We have collected samples for determina-
tion of dry weight, carbon, nitrogen, protein, lipid, and car-
bohydrate for later analysis to understand better these trends in
larval growth. We compared the wet weights of our live larvae to
dry-weight measurements of preserved larvae (Ikeda 1981) and
calculated that the larvae of E. superba may range from 65-80
percent water during the initial stages of development.

Because the eggs of E. superba sink until they hatch (Hempel,
Hempel, and Baker 1979; Marr 1962; Ross and Quetin 1982),
hydrostatic pressure is one environmental parameter that may
alter the developmental time and/or the sinking rate of these
eggs and thus the deph at which the eggs will hatch. During
USARP 1982-1983 we assembled a system of clear acrylic pres-
sure vessels that will enable us to culture, observe, and deter-
mine the sinking rates of eggs at high hydrostatic pressures.
Our initial efforts at culturing krill eggs at high hydrostatic
pressures produced some interesting results and observations.

Eggs from two separate broods were placed in paired 5-dram
vials at three concentrations: 5, 10, and 20 eggs per vial. The six
pairs of vials were split between two pressure vessels. In one
vessel the pressure was increased twice each day according to a
schedule calculated from the sinking rates of the eggs as deter-
mined by Quetin and Ross (in preparation) (figure 2). The other
vessel was maintained at 1 atmosphere and served as a control.
Eggs from the two broods were also maintained in the standard
2-liter culture jars and the hatching time noted.
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We ended the experiment when we saw no swimming nauplii
in the pressure vessels 18 hours after the eggs hatched in the 2-
liter jars. One potential problem in the small closed vials would
be lack of oxygen. The oxygen concentration in the vials was
below 10 percent saturation and only one live nauplius was
found. However, we were able to stage many of the eggs and
qualitatively compare the two treatments. Stages were deter-
mined for 43 of 70 eggs maintained on the increasing hydro-
static pressure schedule and were as follows: 32 limb bud eggs,
4 nauplius 1, and 7 nauplii that failed to hatch completely. Stages
for 38 of 70 maintained at 1 atmosphere were: 26 limb bud eggs,
1 nauplius 1, and 11 nauplii that failed to hatch completely. The
similarity of the results from the two treatments suggests that
increasing hydrostatic pressure as experienced by krill eggs as
they sink during development has little or no effect on hatching
time. We will continue these experiments in larger glass vials
during USARP 1983-1984.

We would like to thank Elizabeth Kirsch and Stewart Willason
of our field research team for their help, patience, and support,
and also Capt. Lenie and the crew of the RIv Hero, the Palmer

Station support crew, and Don Wiggin for making our USARP

82-83 season a successful one. This research was supported by
National Science Foundation grant OfT 80-20739 to R. M. Moss
and L. B. Quetin of the Marine Science Institute at the Univer-
sity of California-Santa Barbara.
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Field and laboratory studies on the
antarctic krill Euphausia superba in

austral summer 1982-1983

ROBERT Y. GEORGE

University of North Carolina-Wilmington
Institute for Marine Biomedical Research

Wilmington, North Carolina 28403

During the months of January, February, and March 1983
gravid females of the antarctic krill Euphausia superba were cap-
tured from Charlotte Bay in the Antarctic Peninsula. However,
the samples from this Bay and in the waters of adjacent
Bransfield Strait were mainly dominated by juveniles, and ma-
ture krill were always less than 7 percent of the samples. A
careful study on the size frequency pattern of the krill sug-
gested that the Palmer Archipelago is a nursery ground for krill
spawned elsewhere (Fevolden and George in press). A total of
45 egg-bearing krill was transported to Palmer laboratory dur-
ing two cruises of i1v Hero. Embryos developing from the labo-
ratory-spawned eggs were studied closely from the first seg-
mentation of the eggs through the various stages of blastula and
gastrulation to advanced limb-bud stage close to hatching. The
progression of egg development was investigated at 1 at-
mosphere and at increasing hydrostatic pressure simulating the
actual sinking rate of krill eggs. On the basis of measurements
made during this austral summer, it appears that krill eggs sink
at a rate of 150 ± 10 meters per day during the early cleaving
phase and subsequently the vertical velocity is slowed down to
90 ± 10 meters per day during gastrulation. However, the sink-
ing velocity increases again during limb-bud stage of develop-
ment. The data also suggested that pressure does not exert any

profound influence on egg sinking rate. Nonetheless, pressure
appears to accelerate the rate of cleaving as illustrated in the
figure (George and Stromberg in press).

Studies on changes in the biochemical composition of krill
eggs during development indicated that there is significant
depletion in the lipid level from 31 percent in newly spawned
eggs to 20 percent in limb-bud stage. Similarly, the protein
content drops from 57 percent to 38 percent. However, the
carbohydrate level exhibits a slight increase as development
progresses (Amsier and George in press). Research on meta-
bolic performance of various stages of krill at pressures repre-
senting different levels of vertical descent (1-25 atmospheres)
suggests that there is substantial change in oxygen-to-nitrogen
ratio and oxygen uptake rate and ammonia excretion rates in
both adult and juvenile krill (George and Fields in press). Fur-
thermore, the data on ammonia excretion from different on-
togenetic stages of krill indicate that ammonia excretion is some-
what significant reaching peak values as much as 248 micro-
grams of ammonia per gram per hour. Prolonged starvation
appears to depress ammonia excretion rate to extremely low
levels. However, in favorable feeding conditions, the ammonia
flux from krill swarms to ambient environment can be sustained
at high levels and may have trophodynamic implications on the
Antarctic marine food chain (George in press-a, in press-b).

I wish to thank James Fields for technical assistance during
the field study. I am also thankful to S. Frevolden of the Nor-
wegian Antarctic Program and J. 0. Stromberg of Kristineberg
Marine Laboratory in Sweden for their participation and collab-
oration during this field study. This research was supported by
the National Science Foundation grant DPP 80-26535.
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Lipid biochemistry of antarctic
midwater organisms

EDWARD S. VAN VLEET

Department of Marine Science
University of South Florida

St. Petersburg, Florida 33701

The lipid components of marine organisms constitute a major
metabolic fuel reserve in the sea. The importance of lipids to
energy metabolism of individuals and to energy transfer
through marine food webs has been clearly demonstrated for
temperate species (Lee, Nevenzel, and Paffenhofer 1971). Less
attention has been paid to the importance of lipids in energy
metabolism in polar regions, although DeVries (1978) suggests
that lipids are the primary energy reserve in antarctic species
and may also play a role in buoyancy and other bodily
functions.

Several studies have attempted to determine antarctic food
chain relationships on the basis of simple chemical compounds
being transferred from one organism to another (see, for exam-
ple, Ackman and Eaton 1966; Bottino 1974). The isoprenoid fatty
acids constitute a group of compounds that have shown unique
potential as indicators of metabolic processes and food chain
transfers. Ackman and Hooper (1968) examined the con-
centration ratios and stereochemistries of three isoprenoid fatty
acids in samples of 12 fish oils and 14 oils from marine mam-
mals. The ratios of 4, 8, 12-trimethyltridecanoic acid (TMTD), 2, 6,
10, 14-tetramethylpentadecanoic acid (pristanic acid), and 3, 7,
11, 15-tetramethyihexadecanoic acid (phytanic acid) suggested
a correlation with a change in food intake for marine mammals
from a primarily zooplankton diet through a partial fish diet to
an exclusive fish diet. The ratios were based on the "phytanic
index" defined as

TMTD acid	 pristanic acid >< 100.
phytanic acid >( 100 or phytanic acid

Each species was found to have a characteristic set of "phytanic
index" values. The degree to which the pristanic and phytanic
acid molecules had been catabolized during the food chain
transfer was determined by examining the stereochemistry of
the asymmetric carbon atoms in these molecules for each spe-
cies. Ackman and Hooper (1968) determined the LDD/DDD ratios
of the three asymmetric carbon atoms in pristanic and phytanic
acids (later determined to have the absolute stereochemistries
designated SRR/RRR: Cox et al. 1970; Maxwell et al. 1973). The
stereoisomers of pristanic acid are shown in the figure (Kven-
volden 1980). Ackman and Hooper (1968) found that a decrease
in the ratio of LDD/DDD diastereomers correlated with a high
level of TMTD acid and suggested a relationship to fat catabolism.
By examining both the stereochemistry and concentration ratios
of the isoprenoid fatty acids, relationships between different
levels of simple oceanic food chains can be more reliably deter-
mined than by more conventional chemical methods using
single molecules.

In the present research, we are investigating the lipid bio-
chemistry of samples collected from several trophic levels of the
antarctic midwater food web (table). Samples were collected in

)1--1 CO
14	10(D)	6(D)	2(D) OH

	

(R)	(R)	(R)

)L11 '0

14	10(D)	6(D)	2(L) 'OH

	

(R)	(R)	(S)

PRISTANIC ACID
The stereolsomers of pristanic acid.

Croker Passage (64°05'S 61°51'W) and near Palmer Station.
Specifically, amounts and types of wax esters, triacylglycerols,
hydrocarbons, and steryl esters are being determined by gas
chromatography and computer-interfaced high resolution gas
chromatography/mass spectrometry. Wax esters and tn-
acylglycerols are being further analyzed for their individual
fatty acid and fatty alcohol composition. Information on the wax
esters and triacyglycerols is being used to investigate the extent
of fat storage for insulation, primary metabolic energy reserve
units of various species, and the extent to which lipids may
influence the buoyancy of individual organisms. These results
will complement chemical composition studies on total lipid,
protein, and carbohydrate in the fish and crustaceans being
conducted by other investigators (B. Robison, University of
California-Santa Barbara). In addition, individual compounds
or groups of compounds are being studied as potential tracers to
investigate feeding relationships and fat catabolism within the
organisms. In particular, three isoprenoid fatty acids (4, 8, 12-
trimethyltridecanoic, pristanic, and phytanic acids) are being
analyzed to determine the "phytanic index" characteristic of
each species. This information is being compared with predator/
prey relationship studies based on analysis of gut contents

Species collected near Palmer Station by RIv Hero in February 1982
that are being analyzed for lipid composition and isoprenoid fatty

acid stereochemistry

Pelagic fish and crustaceans	 Zooplankton

Electrona antarctica	 Antarctomysis sp.
Electrona carisbergi	 Tomopteris sp.
Euphausia superba	 Sagitta sp.
Lampanyctus achirus	 Thysanoessa sp.
Protomyctophum bolini	 Eusirus sp.
Bathylagus antarcticus	 Cyphocaris sp.
Gymnoscopelus nicholsi	 Three unidentified

amphipod species
Pleurogramma antarcticum	 Mixed zooplankton

(adult and larvae)	 sample
Chaenichthyidae sp.
Unidentified Zoarcid
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(T. Hopkins, University of South Florida). The degree to which
the fatty acid molecules have been catabolized in the organisms
can be estimated by determining the absolute stereochemistries
of the isoprenoid acids. By examining both the stereochemistry
and concentration ratios of these acids, both feeding rela-
tionships between adjacent members of the antarctic food
chains and energy metabolism within organisms are being
determined.

This work is being supported by National Science Foundation
grant DPP 80-23961. I gratefully acknowledge the help of field
personnel Bruce Robison, Tom Hopkins, and Tom Lancraft who
collected the samples during February and March 1982.
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The role of glycoprotein antifreezes in
freezing avoidance of antarctic fish

A. L. DEVRIES and E. J. MOODY

University of Illinois
Urbana, Illinois 61801

The work for this season began in early October with the
establishment of an intensive fishing operation. With the help
of Lisa Crockett and Steve Munsell, three deep-water fishing
stations were established and operated through the end of
December. These stations were located 5 kilometers west of
McMurdo Station. During this time more than 300 specimens of
Dissostichus mawsoni weighing a total of nearly 15 tons were
caught. Several small specimens were transported to the aquar-
ium where they were kept alive for the duration of the season
and used in studies of the physiological and biochemical roles
of the glycopeptide antifreezes in freezing avoidance. The re-
mainder of the fish were too large for experimental use and so
were weighed, measured, tagged, and released. About 2,000
fish have been tagged over the past several years. Three spec-
imens of this tagged population were recaptured this year: a
specimen that had been released 3 years earlier had grown 7
centimeters and gained 4 pounds; a fish from 2 years earlier had
grown 2.5 centimeters and gained 3 pounds; and another fish
from 2 years earlier had grown 4 centimeters and gained no
weight. While there may be significant error in the actual weight
changes depending on whether or not the fish had just eaten,
these three samples tend to indicate that fish in the 60-70 pound
range grow quite slowly; a fact of considerable interest if these

fish were ever to be commercially exploited. When further
tagged specimens of differing sizes are caught, it should be
possible to describe more accurately the growth rate of this
species.

Many species of smaller fish from the families of
Nototheniidae, Bathydraconidae, and Zoarcidae were also caught.
About 20 specimens of Gymnodraco acuticeps were caught
providing a unique opportunity to characterize its antifreeze,
which was found to be identical in composition to that present
in the Trematomus fishes, but different in quantity.

A problem of intensive investigation over the past several
years has been the slow rate of turnover of the antifreeze mole-
cules. Experiments have been difficult because fish must be
maintained for several months and because of the long periods
of captivity the results vary depending upon the nutritional
state of the specimens. Turnover experiments this year were
done using only healthy, feeding D. mawsoni. The fish were
small specimens weighing between 20 and 50 pounds. They
were injected with either antifreeze glycopeptide (AFGP) 8 (mo-
lecular weight of 2,600 daltons) or AFGP 1-5 having a molecular
weight of 10,000-25,000 daltons). The fish were maintained
with an indwelling venous catheter and sampled daily for up to
100 days. The results of this study indicate that the half-time for
circulating AFGP 8 in feeding specimens is on the order of 5
weeks while for AFGP 1-5 the time is 11 to 12 weeks and the
variability within each group was much less than that found in
the previous year with non-feeding specimens. Because anti-
freeze levels are nearly constant in the blood, these values allow
an estimate of the synthesis rate. The experiment this year also
confirmed our previous interpretation of such experiments: that
turnover rates are slow and are greatly dependent upon the
nutritional states of the fish.

The role of antifreeze in the bile and intestinal fluid was
investigated in several species of McMurdo Sound fishes. Isola-
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tion of antifreezes using diethylaminoethly cellulose (DEAE) ion
exchange chromatography followed by gel electrophoresis re-
vealed the presence of only low molecular-weight glycopep-
tides in high concentrations (20 to 40 milligrams per milliliter).
Removal of the gall bladder eliminated the transport of these
glycopeptides from the blood to the intestine. This suggests
that antifreeze is transported from the blood to the bile where it
then flows into the intestinal fluid. Measurements of reabsorp-
lion of labeled antifreeze, both in vivo and in vitro indicate that
reabsorption from the gut does not take place. This suggests
that the intestinal fluid antifreeze is excreted with the feces.
This unusual circumstance of glycoprotein excretion is doubt-
less necessary to prevent the freezing of intestinal fluid. These
results are the first clear evidence that the low molecular-weight
antifreeze molecules have a specific function (O'Grady, Ellory,
and DeVries 1982, 1983) in contrast to the proposed cooperative
function put forward by Osuga et al. (1978). Recent studies have
shown that the low molecular-weight glycopeptides do not
potentiate the activity of the large ones when the samples are
forzen slowly (Schrag and DeVries 1983). Slow freezing more
closely approximates the conditions faced by fishes inhabiting
ice-laden seawater (DeVries 1982, 1983).

A preliminary set of experiments was performed to investi-
gate the distribution of antifreezes into the special fluid com-
partments of the central nervous system. Presumably anti-
freezes should be found in the eye, brain, and associated fluids
because these tissues must be protected from freezing. Cerebral
spinal fluid (csF) was sampled from seven species of fish and
was found to have a freezing point below that of seawater
(- 1.96°C) and the characteristic separation of freezing point
and melting point which indicates the presence of glycopeptide
antifreeze. Sampling of extradural fluid (EDF) and eye fluid
indicated that they too had low freezing points. The antifreezes
of the central nervous system were isolated by DEAE ion ex-
change chromatography followed by gel electrophoresis. The
CSF and eye fluid were found to contain GP glycopeptides 7 and 8
while the EDF contain glycopeptides 1 through 8. This finding is
of interest because CSF and aqueous humor are actively secreted

fluids that are protein free in other species. Thus the presence of
these large molecules in high concentration is a unique dif -
ference between antarctic fish and other vertebrates.

Studies of the structure and function of the glycopeptides
were continued by comparing the structure and activities of the
glycopeptide antifreezes of northern arctic cods with those of
the antarctic nototheniids. Although the northern cod anti-
freezes were found to have slightly different amino acid com-
positions they exhibited the same antifreeze activity as the
antarctic glycopeptide antifreezes (O'Grady et al. 1982; Schrag,
O'Grady, and DeVries 1982).

This research was supported by National Science Foundation
grant DPP 81-16917.
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Preliminary comments on
parasitological collections from

seabirds at Palmer Station, Antarctica

ERIC P. HOBERG

Wildlife Science
College of Forest Resources
University of Washington
Seattle, Washington 98195

Previous studies of parasites of antarctic seabirds have not
focused on a specific locality nor taken an ecosytem approach.
The major studies have been largely taxonomic (Fuhrmann

1921; Johnston 1937; Jones and Williams 1969; Prudhoe 1969;
and others and to date approximately 63 species of helminths
are known from 37 species of birds. However, there are no
previous records of parasites from birds in the Palmer Archi-
pelago, and comprehensive studies of helminths of sympatric
species of antarctic seabirds do not exist.

The present study of helminth parasitism of antarctic sea-
birds was initiated at Palmer Station, Antarctica (64°46'S
64°05'W) from December 1982 through February 1983. An ob-
jective of this investigation was to characterize the helminth
fauna of a diverse assemblage of seabirds breeding at a specific
geographic locality and to attempt to determine factors influ-
encing its ecological and zoogeographic relationships. Of pri-
mary interest was the degree to which differences in helminth
faunas were reflected by dissimilar trophic relations of seabirds
comprising four generalized feeding guilds. The species of
birds included were: (1) zooplanktivores (Adélie penguin,
Pygoscelis adeliae; chinstrap penguin, P. antarctica; gentoo pen-
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Trematodes

AD	YY

0	0
0	0
0	0

15	0

Acanthocephalans

AD	YY

0	0
0	0
0	0

guin, P. papua; southern fulmar, Fulmarus glacialciides; cape
pigeon, Daption capense; snow petrel, Pagadroma nivea; Wilson's
storm petrel, Oceanites oceanicus; and south polar skua, Cat ha rac-
ta rnaccomicki); (2) piscivores (blue-eyed shag, Phalacrocorax
atriceps; and antarctic tern, Sterna vittata); (3) intertidal foragers
and scavengers (American sheathbill, Chionis alba, and southern
black-backed gull, Larus dominican us); (4) scavengers and pre-
dators of other birds (southern giant fulmar, Macronectes gigan-
teus; and brown skua, Catharacta lonnbergi). Two other species,
arctic terns, Sterna paradisaea and antarctic prions, Pachyptila
desolata were to be included in the study but were never encoun-
tered at sea.

Birds were collected principally from the waters and islands
of Arthur Harbor and Biscoe Bay adjacent to Palmer Station and
from the Joubin and Wauwermans Islands. All procellariiform
birds (except Macronectes and some Oceanites) were collected
with assistance of R/V Hero in the Bransfield and Gerlache
Straits. Birds were either necropsied immediately following
collection or frozen for later examination. Potential prey items,
including species of nototheniid fishes, gammarid amphipods,
and limpets, were collected for examination for larval parasites.

Collections included 338 birds of 14 species (table), 126
nototheniid fishes, and several thousand amphipods and limp-
ets. The prevalence of infection by helminth parasites of major
groups in seabirds is shown in the table. Final identifications of
helminths are now in progress. At least three previously un-
known taxa were found: a filariid nematode from the sub-
cutaneous tissues of Larus domincanus and the cestodes Later-
iporus sp. and Tetrabothrius sp. from sheathbills and blue-eyed
shags, respectively. Other specimens represent new host- and
geographic records.

The helminth faunas, particularly cestodes, appear to be
highly segregated both among and within guilds. Few species

of helminths except nematodes appear to be shared by these
species of seabirds. This reflects either a well developed host
specificity on the part of the parasites or an indication of defin-
able differences in food-habits among species of seabirds.

Data concerning the occurrence of parasites in young-of-the-
year birds, food habits, and stage of development of adult
parasites indicated that the life cycles of at least nine species of
helminths are completed in the region near Anvers Island.
These included four species of cestodes (Lateriporus sp. from
sheathbills, Microsomacan thus sp. and A nc'motaen ia dominicanus
from black-backed gulls, and Tetrahothrius sp. from shags); a
single species of trematode (Gymnophallus sp. from cha-
radriiform birds); several species of acanthocephalans (Cor-
ynosoma spp., from shags); and three nematodes (Stegophorus
sp., in skuas, gaint fulmars, and penguins, Tetrameres sp. in
penguins, and Desmidocercella sp. in shags). These data are
significant because they show the importance of breeding
grounds in the maintenance of helminth faunas of antarctic
seabirds at least as far south as 65°S and point to the potential
applicability of specific species of helminths as ecological in-
dicators in studies of food webs and trophic ecology. Only two
species of avian parasites, Paramonostomurn antarcticum and M1_
crosomacan thus sheltiandicus, were known previously to com-
plete their life cycles along the Antarctic Peninsula (Cielecka
and Zdzitowieckj 1981; Graefe 1968).

Future studies should concentrate on the complete elucida-
tion of the life cycles of these parasites, because it reflects an
increased understanding of antarctic food webs. Additional
information should be obtained on geographic distribution and
factors which may limit the ranges of some parasites.

This study was conducted under National Science Founda-
tion grant DPP 81-15975 to R. L. Rausch. I should like to thank C.
Shinn for his assistance in the field. This study also would not

Preliminary results of helm inthological collections from antarctic seabirds near Palmer Station

Prevalence of infection by parasites (percent)a

Species

Zooplanktivores
Pygosce/is ade/iae
P antarctica
P papua
Fu/marus glacialoides
Daption capense
Pagadroma nivea
Oceanites oceanicus
Catharacta maccormicki

Piscivores
Phalacrocorax atriceps
Sterna vittata

Intertidal foragers
Chionis a/ba
Larus dominicanus

Scavengers
Macronectes giganteus
Catharacta Ionnbergi

Number collecteda

AD
	

YY

21
	

20
16
	

16
5
	

0
13 b
	

0
22b	0
13b	0
37b	0
20

21	20
21	0

5	0
21	20

20	15
10	2

Cestodes

AD	YY

47	75
100	83
100	0
+ +d
++

++
++

85	C

	

24	70	0

	

20	0	0

	

100	0	80

	

100	100	71

	

100	0	0

	

80	0	0

0	52	75
0	0	0

0	60	0
80	0	5

0	0	0
0	10	0

Nematodes

AD	YY

14	65
50	90
++	0

++
75	0

66	85
10	0

40	0
28	15

65	46
70	50

a "AD" denotes adults; 'YY" young-of-year.
b Necropsies not yet completed.
C Young-of-the-year birds of Catharacta spp. were not collected due to an apparently complete reproductive failure by skuas in the area near Palmer Station.
d 11

	denotes parasite but prevalence unknown.
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have been possible without the support of the captain and crew
of Wv Hero and the help of other scientists and personnel at
Palmer Station.
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Properties of antifreeze proteins from
fish blood and penguin egg-white

proteins

DAVID T. OSUGA and ROBERT E. FEENEY

Department of Food Science and Technology
University of California-Davis

Davis, California 95616

YIN YEH

Department of Applied Science
University of California-Davis

Davis, California 95616

Yin Yeh, physicist in the Department of Applied Science at
the University of California-Davis (ucD), and Michael Knauf,
Master of Science student from UCD, spent approximately 1
month at McMurdo-Station solely to acquire fish blood serum.
The two arrived on 1 November and were able to begin opera-
lions in a fish house on 10 November 1982. They obtained a total
yield of approximately 1 liter of blood serum from 1,250 spec-
imens of Pagothenia borchgrevinki. As the blood serum was ob-
tained, it was centrifuged from the cellular material and frozen
for transport back to UCD. Specimens of Dissostichus mawsoni,
which had been used as experimental fish in the aquarium at
McMurdo station by A. L. DeVries, were also obtained and bled
(with Dr. DeVries' help) yielding approximately I liter of diluted
serum, which was frozen and taken to Davis.

The crude fractionations have been completed on most of the
serum returned from Antarctica. Final purifications of the anti-
freeze glycoproteins, however, will take more time. The yields
on the P. borchgrevinki serum were comparable to our earlier
studies of both antarctic and arctic species, measuring approx-
imately 33.8 grams of total antifreeze. The purification of these
components will, of course, greatly reduce the overall yields.
Unfortunately, the activities found in the D. rnawsoni serum
were only about 36 percent of what had been previously ob-
tained, undoubtedly due to the biological history of the fish.
Nevertheless, the amount of material obtained in the serum was

approximately 12 grams, and this will be important for our
studies. The usual yields in the antifreeze proteins from P.
borchgrevinki for the so-called larger molecular-weight "active"
components should be approximately 3.9 grams, and for the
smaller molecular-weight much-less-active material, the yield
should be approximately 29.9 grams. Correspondingly, the D.
mawsoni yield will be approximately 36 percent lower because
purifying materials from sera of lower activity is more difficult.

Studies have continued on the potentiation of antifreeze ac-
tivities in mixtures of small and large glycoproteins when ice
made from deeply supercooled solutions is used to nucleate the
solutions (Burcham et al. 1982, 1983). Thus, when the smaller
peptide chains of antifreeze glycoproteins from P. borchgrevinki
are tested with ice made at - 1°C, they function, but when
tested with ice made at —6°C, they do not function. However,
when the smaller ones are mixed with the larger ones, they
function with ice made at —6°C. Both the structure of the ice
and the structure of the antifreeze proteins influence this poten-
tiation; this might be of significance for understanding how the
antifreeze proteins function at ice surfaces.

During the past year, we published a long-term study on the
sulfhydryl-containing proteins of penguin egg white (Osuga et
al. 1983). A "new" major egg-white albumin in penguin egg
white was described. We have named this Penalbumin (table).
Penalbumin replaces about half of the ovalbumin in the egg
white and has some resemblances to the penguin ovalbumin
but has twice the content of carbohydrate and no phosphorous.
The eggs of the two species of penguins tested—the Adélie
(Pygoscelis adeliae) and the emperor (Aptenodytes forsteri)—both
contain this interesting protein.

This work was supported in part by National Science Founda-
tion grants DPP 81-16963 and DPP 78-26015 and National In-
stitutes of Health grant GM 23817.
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Physical and chemical properties of penalbumin, penguin ovalbumin, chicken ovalbumin, penguin serum albumin, and bovine serum albumin

Property	 Penalbumin	 Penguin	 Chicken	 Penguin	 Bovine
oval bumin	ovalbumin	serum albumin	serum albumin

Molecular weight

p't

Carbohydrate (%)
1%

E
280

Phosphorus
Total (S)C

Sulfhydryls
Disulfide

a From Feeney 1982.
b "nd' denotes not determined.

Values from amino acid composition.
Amount determined by —SH reagents.

a Values determined by dividing by 2 the difference between the total (S) and the —SH values.

"S20 ," denotes sedimentation coefficient corrected to 20°C and water. "pi" denotes the characteristic pH of the protein. E	 denotes the optical

absorption of a 10 milligrams per biilliliter solution at 280 nanometers
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• Breeding and feeding ecologies of
pygoscelid penguins

WAYNE Z. TRIVELPIECE, SUSAN C. TRIVELPIECE,

NICHOLAS J . VOLKMAN, and STEPHEN H. WARE

Point Reyes Bird Observatory
Stinson Beach, California 94970

We have completed the final year of a project designed to
compare the breeding and feeding ecologies of the sympatric
populations of pygoscelid penguins at Point Thomas, King
George Island, South Shetland Islands (62°10'S 58°30'W). We
spent 5 October 1982 to 5 March 1983 at the Polish Academy of
Science's Arctowski Station, where we have been visiting scien-
tists throughout the 3-year tenure of this project. Our broad
objectives were to collect detailed quantitative data on the
breeding biology of the three penguin species and to determine
the type and amount of prey they consumed throughout the
breeding season.

During 1982-1983, unlike two previous seasons (1977-1978
and 1981-1982), the three pygoscelid penguin species had very

different reproductive success rates. Adélie and chinstrap pen-
guins fledged only 0.67 and 0.56 chicks per breeding pair,
respectively, significantly below their 1.00 and 1.02 mean chicks
fledged during 1977-1978 and 1981-1982. However, gentoo
penguins fledged 1.17 chicks per pair in 1982-1983, a success
rate higher (but not significantly) than their 1.01 chicks fledged
per pair mean for the earlier period. We believe that differences
in the courtship strategies and incubation routines of the three
pygoscelids may have accounted for these results. Adélie and
chinstrap penguins fasted for 2-3 weeks between arrival and
egg laying. Following clutch completion, the male Adélie as-
sumed the first incubation shift and fasted another 10-19 days;
the female went to sea to feed. In chinstraps, either the male or
female took the first incubation shift of approximately 7 days.
Unlike its congeners, gentoo penguin pairs feed daily early in
courtship and relieve each other at the nest about every 24 hours
throughout incubation.

The major cause of egg mortality among Adélies and
chinstraps was desertion of the nest by the incubating bird prior
to the return of its mate. The mean first incubation shift among
Adélie males was 15-17 days in the 1982-1983 season, signifi-
cantly longer than the mean 10-12 days shift in 1981-1982. Due
to an apparent food shortage early in the season, neither Adé-
lies nor chinstraps could recover from their pre-incubation fasts
in time to relieve their mates. Gentoo penguins were able to
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maintain their condition throughout courtship and incubation
via small daily intakes of food. The gentoo's strategy of short
daily feeding trips appears to be much more successful during
years of low food availability.

This year we collected 39, 23, and 34 complete stomach con-
tents of breeding Adélie, chinstrap, and gentoo penguins, re-
spectively, using a modification of the stomach pumping meth-
od described by Wilson (in press). The diets of pygoscelid
penguins in Admiralty Bay are very consistent year to year. As
in two previous seasons (1977-1978 and 1981-1982), Adélie and
chinstrap penguins ate 99 percent krill (Euphausia superba), and
gentoo penguins ate 84 percent krill and 16 percent fish. Other
findings consistent over the 3-year period were (1) Adélies
returned with the most digested stomach contents, gentoos the
least, and (2) Adélie mean relief times during the chick guard
phase were significantly longer than gentoo or chinstrap. These
results suggest that Adélie penguins feed further offshore than
do either of its congeners.

Interestingly, we continued to find differences in the diets of
male and female gentoo penguins. Gentoo penguins ate on
average 16 percent fish, however, males ate 23-32 percent fish
and females ate only 2-15 percent. Comparing the bill sizes of
Adélie, chinstrap, and gentoo penguins revealed that whereas
the first two species had an 80 percent overlap in bill size

between sexes, gentoos had only a 10 percent overlap. Di-
morphism indices (DI, after Storer 1966, Ainley and Emison
1972), for bill size (the square root of culmen length x bill depth
at nares) indicated that in all three species, males were larger
than females and that the gentoo was the most sexually di-
morphic species (DI = 7.3, 8.2, and 11.3 for Adélie, chinstrap,
and gentoo penguins, respectively). The greater degree of sex-
ual dimorphism in bill size and diet of gentoo penguins may
reflect the fact that, unlike its congeners, it is nonmigratory
during the winter when food availability may be low, and intra-
specific competition for it intense.

This research was supported by National Science Foundation
grant DPP 81-17205.
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The effect of lighting conditions on
circadian rhythmicity in the body
temperature of Adélie penguins

SHARON A. SICKLES and DAVID E. MURRISH

Department of Biological Sciences
State University of New York-Binghamton

Binghamton, New York 13901

Biological rhythms have been observed in organisms ranging
from single-celled eukaryotes to the most complex multicellular
plants and animals. Many behavioral and physiological func-
tions exhibit variation according to the time of day. These varia-
tions have been termed circadian rhythms because the period of
the rhythm is approximately 24 hours even when there are no
temporal cues from the environment. Normally, 24-hour en-
vironmental cues serve to reset the "biological clock" so that the
rhythm remains in the correct phase relationship with the en-
vironment and with the other rhythms of the organism. The
primary synchronizer of the circadian timing system is the
light-dark (LD) cycle experienced by the organism.

The natural lighting in polar regions provides periods of
relatively constant lighting conditions with continuous light in
summer and continuous dark in winter. The other seasons
subject organisms to varying LD cycles. Muller-Schwarze (1968)
found that Adélie penguins, Pygoscelis adeliae, exhibited circa-
dian rhythms in activity during the austral summer. It is not

known if polar organisms display prominent circadian rhythms
throughout the year. We did a preliminary set of experiments to
see if circadian rhythms in a physiological variable exist in a
polar bird.

The core (body) temperature of free-ranging and captive
Adélie penguins was monitored by radio telemetry in De-
cember 1982. The nonincubating members of four pairs of birds
with eggs were captured, anesthetized with halothane and
temperature transmitters (AVM Instruments, Inc.) were placed
in the peritoneal cavity. The birds were released near their nests
and were monitored continuously for 2 days to assure recovery.
Body temperatures were again determined from these birds in
the rookery in early January. Following this, the birds were
recaptured and placed in a communal outdoor pen. They were
maintained in the natural photoperiod of continuous light (LL)
for 4 days. The light intensity in these latitudes varies from
greater than 50,000 lux during sunny middays to less than 1,000
lux at twilight (Gallardo and Piezzi 1973). Cloud cover also
caused the intensity of light to vary.

Body temperature data were analyzed using period-and-
phase analysis on a microcomputer (Sulzman 1982). This al-
lowed us to characterize the periodicity of the data and to
establish the presence or absence of rhythmicity.

The body temperature of an Adélie penguin under different
lighting conditions is shown in the figure. Analysis indicated
that in the natural photoperiod, the body temperatures of both
penned birds and birds in the field were arrhythmic (block A of
the figure).

The birds were placed on a LD cycle following the LL exposure.
The light period of 16 hours was natural sunlight and the dark
period of 8 hours was obtained with a light-tight cover on the

210	 ANTARCTIC JOURNAL



TIME MRS)

4'

4

39

38

37

36

41

4

39

F—	38

37

36

4'

4

CL

M 37

36

Body temperatures of a penned Adélie penguin measured between 9
January 1983 and 19 January 1983: "A" shows the body temperature
In the natural photoperiod (LL), "B" In a light/dark (LD) 16-to-8 pho-
toperiod; "C" in constant dark conditions (Do).

pen. This LD 16:8 cycle entrained the birds to a 24-hour period
(block B of figure). Body temperatures were considerably higher
during the day and lower during the night as is typical of
diurnal homeotherms. There was also an anticipatory increase

in body temperture shortly before lights on suggesting that the
rhythm is endogenous in nature (Fuller, Sulzman, and Moore-
Ede 1979).

One bird was placed in complete dark (CD) for 2 days follow-
ing the LD 16:8 portion of the study. The body temperature
rhythm of the bird persisted although the mean was lower than
in LD conditions (block C of figure). The persistence of the
rhythm in constant dark demonstrated the endogenous nature
of the rhythm and that an LD 16:8 cycle was an effective syn-
chronizer of body temperature. The lower range of temperature
values in the rhythm is typical of a diurna homeotherm in DD

conditions because light intensity has been shown to influence
the level of body temperature (Fuller et al. 1981). Organisms
often lose rhythmicity in constant conditions after a period of
time. This gradual loss of rhythmicity is called damping out.
The present study was not long enough to determine if damp-
ing out occurs in the body temperature rhythm of Adélie
penguins.

Circadian rhythms in antarctic organisms have not been ex-
tensively investigated. This preliminary research clearly de-
fines the need for considerable study of examine the effects of
the extreme photoperiods on the circadian timekeeping system
of organisms indigenous to the polar regions.

Sharon Sickles and David Murrish were at Palmer Station
from 24 December 1982 to 17 February 1983. This work was
supported by National Science Foundation grant DPP 80-19988.
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Fur seal research at Bird Island, South
Georgia
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From 1 December 1982 to 27 March 1983 we participated in the
British Antarctic Survey's research program on antarctic fur
seals (Arctocephalus gaze/la) at Bird Island, South Georgia
(54°00'S 38°03'W). This season's work continued our investiga-
tion of how reproductive and behavioral parameters of antarctic
seals may reflect ecological changes within the ecosystem. The
research was organized into three subprojects: (1) studying the
relationship between female behavior and fine tooth structure,
(2) monitoring female behavior at sea, and (3) examining spec-
imen material.

The amount of time that female fur seals spend feeding at sea
during their lactation period may be related to the relative abun-
dance of local food supplies (Doidge, McCann, and Croxall in
press). Perhaps in years of low local food availability, females
require longer periods at sea to find enough food to replenish
energy reserves before returning to suckle their pups. Because
antarctic fur seal females feed almost exclusively on antarctic
krill (Euphausia superba) (Bonner 1968), analysis of the number of
feeding trips made from year-to-year might provide a clue into
the range of fluctuations in local krill abundance through time
and its consequences within the krill-based food web.

Some of the fine layers present in the dentine of fur seal teeth
have been postulated to be related to the feeding/suckling cycles
made by adult females during lactation (Scheffer and Peterson
1967; Payne 1978). If it could be demonstrated that these layers
are indeed related to feeding trips, one could determine the
number of feeding trips made by females in a given calendar
year by counting the layers laid down by pups or their mothers
during the pup-rearing period. Such counts would enable the
calculation of the Inean number of feeding trips made per calen-
dar year over each of the past 25 years; because fur seals live up
to 15 years, teeth from the 1982-83 and 1972-74 (Payne 1978) Bird
Island collections may provide estimates back to about 1957.

This past season, the feeding/suckling behavior of 28 females
and their pups was monitored from pupping through near-
weaning to provide a sample of seals with a known behavioral
history. Females were captured from harems, telemetered with
radio frequency transmitters, and returned to their pups. Chart
recorders hooked to scanning receivers monitored the presence
of females on the beach 24 hours a day, providing a complete
record of the number, duration, and timing of feeding trips.

Intramuscular injections of oxy-tetracycline were administered
to these females and pups periodically during the lactation
period. Tetracycline is incorporated into new tooth tissue and
fluoresces when examined under ultraviolet light, thereby
providing a benchmark of which layers were being laid down
when (Gurevich, Stewart, and Cornell 1980). When teeth from
monitored seals are examined, the tetracycline marks, fine
layers, and behavior patterns will be compared to show how
behavior may relate to tooth structure.

A second portion of our project investigated the behavior of
female fur seals at sea during their feeding trips. Movements of
female at sea were monitored by triangulating their location
from two small tracking stations on Bird Island mountain peaks.
When females at sea were within radio range, simultaneous
bearings from each tracking station were taken every 15 min-
utes. In this way, it was possible to determine females' speed of
traveling, favored routes, and probable feeding areas. The main
feeding area used this past season was probably located to the
northwest of Bird Island somewhere beyond 20 kilometers off-
shore, the limit of our radio range.

The third part of this program was to describe various aspects
of the reproductive biology of antarctic fur seals. Reproductive
tracts were collected from 238 females, 15 males, and 25 pups of
the year sacrificed as part of the British research program at Bird
Island. Examining the ovaries of 30 females taken 3 to 12 days
after pupping confirmed the timing of ovulation as between 5
and 8 days postpartum. These observations support the former
assumption that females ovulate just before going to sea for
their first feeding trip after pupping (Doidge et al. in press).
Teeth collected from all seals sacrificed, in addition to 163 seals
that died of natural causes, will be used for age determination
and estimation of the number of feeding trips made in previous
years.

This work was supported by National Science Foundation
grant DPP 80-20087 and the British Antarctic Survey.
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The Weddell seal (Leptonychotes weddelli) can dive to depths in
excess of 500 meters and remain submerged for more than an
hour. The Weddell seal is able to remain submerged for these
periods by having large oxygen stores which can be carefully
conserved. It is believed that during diving, certain organs and
tissues vasoconstrict and have reduced blood flow. Bradycardia
in Weddell seals has been measured in the laboratory during
forced head immersion and while free diving beneath the 3-
meter thick annual ice using 80-meter break-off electrocar-
diogram (ECG) leads (Kooyman and Campbell 1972), which,
unfortunately, measure only the first few minutes of the seals'
dives. The heart rate measured in simulated laboratory diving
was consistently lower than that measured in the field, and
some have claimed that laboratory seals exhibit a "fright" rather
than a diving bradycardia (Kanwisher, Gabrielson, and Kan-
wisher 1981). We decided to resolve these differences of opinion
by designing and constructing a microprocessor-controlled
monitor which could be attached to freely diving seals to mea-
sure and store records of their average heart rates and seawater
depth every 30 seconds.

We had three constraints upon the design of a microcom-
puter monitor to measure heart rate and depth for Weddell
seals. First, the monitor had to be able to withstand seawater
pressure at 500 meters depth—a pressure of 750 pounds per
square inch or 50 atmospheres. Second, the monitor had to be
able to withstand rapid temperature change and intense cold,
because when seals hauled out of the relatively warm seawater
(- 2°C), the monitor would be exposed to the polar environ-
ment with possible temperatures of –40°C. Third, the monitor
had to consume as little power as possible to extend the life of its
batteries. Conservation of power was achieved by using low-
power semiconductor technology including an 8-bit micro-
processor and 14K (or 14,336) bytes of random-access memory
(i.e., user-available memory) with machine-language software.
The current consumption of the monitor was reduced to 5
milliamperes average. The entire microprocessor-controlled
monitor was assembled onto three circuit boards each measur-

ing 10 centimeters x 10 centimeters. The three boards were
sandwiched and cast into a block of rigid thermal epoxy in-
sulator. The computer was powered by two epoxy encapsulated
lithium "D" cells which provided 6 volts at 9 ampere-hours.

The experimental protocol we followed was developed by
Kooyman et al. 1980. An adult male seal was selected at one of
the colonies near McMurdo Station on Ross Island, Antarctica
and sledged to a previously surveyed field site at which two
holes, 10 meters apart, were drilled through the annual ice on
McMurdo Sound. The field site was chosen to be at least 6
kilometers from the nearest natural ice crack so that when a
computer-monitored seal was released at this site, it could not
surface to breathe elsewhere. A fish hut, acting as a field labora-
tory, with a hole in its floor was placed over one of these holes
and the other entry and exit hole was blocked during an experi -
ment so that the seal would be obliged to surface in the field
laboratory between dives. The field laboratory contained a
Zenith Z90 minicomputer, to which heart rate and depth data
were transmitted at 57.6K baud (57,600 bits per second) via a
fiber-optic lead which we connected for a few seconds when the
seal surfaced. Figure 1 shows a seal in an ice hole with a fiber-
optic float ready for connection.

Figure 1. Weddell seal surfaced for breathing at a drilled, isolated
hole through the 9-foot-thick fast ice. The fiber-optic communica-
tions line from the diving computer is seen floating on the surface.
This was briefly connected to the surface computer to transfer
physiologic and depth data and preprogram the diving computer.

The microcomputer monitor and battery pack were fastened
to the seal in an indirect manner. ' neoprene sheet, through
which some stainless steel bolts had been previously mounted,
was glued to the dorsal fur of the seal using cyanoacrylate glue.
This glue is fast setting and created a bond, which is very strong
initially then slowly degrades. The computer and batteries were
then bolted onto the neoprene sheet. At the conclusion of an
experiment the outside hole was re-opened and, after the seal
hauled out, the computer and batteries were unbolted; the
neoprene sheet was left attached to the seal. The seal was then
returned to its capture site and when the glue degraded suffi-
ciently, the neoprene sheet fell off, a process that took several
weeks.
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Figure 2. Seawater depth and average seal heart rate were recorded
each 30 seconds by the diving computer during free diving of
monitored Weddell seals. [Heart rate (HR) is measured in beats per
minute (bpm).]

Although depth and ECG were recorded on four seals, one
seal far surpassed all others in the quality and quantity of data
produced, and the majority of our data came from this seal. This
seal had heart rate and depth recorded every 30 seconds for

over 94 hours, providing a total of 22,700 data points. During
this time the seal produced a wide variety of dive lengths and
depths; the longest dive was 52 minutes and the deepest was
486 meters. Figure 2 provides a sample of heart rate and sea-
water depths during free diving. With each submersion a bra-
dycardia was evident.

We also used our diving computer to control other undersea
measurements. In addition to heart rate and depth measure-
ments the computer initiated and controlled an aortic blood
sampling roller pump. We obtained 40 arterial blood samples
during undersea free diving at depths up to 350 meters.

This research was supported by National Science Foundation
grant DPP 81-00212.
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Research on McMurdo Sound's Weddell seal population con-
tinued in three main areas during the 1982-1983 field season.
(1) Tagging and census work provided the long-term focus for
our population dynamics research at McMurdo Sound. (2) A
study was made of concurrent distribution of seals and a con-
spicuous prey species, the antarctic cod (Dissostichus rnawsoni),
which may be an important food source to breeding adults
during the nonbreeding season (Calhaem and Christoffel 1969).
(3) The distribution and behavior of juvenile seals (less than 5
years old) were studied to understand age-class interactions
and their effects on population dynamics.

Population demographic studies continued with tagging of
all pups born in the 1982-1983 season and retagging of adults
and subadults that had lost a single tag; an effort to increase the
proportion of tagged adult males to make our population esti-
mates of that group more precise was successful. Seven cen-
suses were conducted and the results indicate a population size
of around 650 adult-size females and over 200 adult males. Pup
production this season was 385. These figures are comparable
to those of the last 3 years and indicate a fairly stable population,
though it is much reduced from the 1960's and early 1970's
(DeMaster 1978; Siniff et al. 1977; Stirling 1969). Harvest of seals
by the New Zealand Antarctic Research Programme was re-
duced to 36, and their cooperation made material from the kill
available for analyses of age structure and genetic composition
of the population. Electrophoretic analysis of that material was
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Figure 1. Radio transmitter attached to the pelage of a weaned
Weddell seal pup.

conducted at the Savannah River Ecology Laboratory in April
1983 and the results are in preparation.

This season we surveyed locations in McMurdo Sound to
compare the distribution antarctic cod and seal population. A
series of holes was drilled, each was fished for a 24-hour period
between late October and early December, and the distribution
of cod was compared to seal distribution and bathymetric
characters. Not surprisingly, cod concentrations were well re-
moved from breeding seal colonies. Additionally, seal scats
collected at the same time from various areas both in and away
from the colonies show greater predation by seals on small fish
and crustaceans than on cod. Small, midwater fish dominated
stomach samples from seals killed by the New Zealand Ant-
arctic Research Program as well (Dearborn 1965 and this study).
The paucity of cod remains in scat and stomach samples does
not preclude interaction between the two species. The exclusive
distribution of Weddell seals and antarctic cod suggests (1) that
seals are effectively depleting the cod population from local
areas (2) that cod avoid seal concentrations, or (3) their pre-
ferred habitats simple do not overlap at this season.

The distribution of adult and subadult age classes in
McMurdo Sound was studied by aerial survey transects and tag
sightings in areas removed from the breeding colonies. Segre-
gation by age in this population has previously been noted on a
small scale in late summer (Stirling 1969). Transects showed

Figure 2. Sue Braun and Ward Testa prepare a glue-on pelage trans-
mitter for a weaned Weddell seal pup in Erebus Bay.

substantial concentrations of 1-3 year old seals near the edge of
fast ice. We suspect that conditions in this area are quite dif-
ferent from those further from open water where adults are
more common, and such factors as predation by killer whales or
prey availability may affect survival of these two segments of the
population differently. The possible social basis of this segrega-
tion is being studied. Also, the incorporation of weaned pups
into the subadult population in late summer is being studied by
means of radio-telemetry (see figures 1 and 2).

This research was supported by National Science Foundation
grant DPP 80-20097.
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Terrestrial biology

Plant communities of the Antarctic
Peninsula near Palmer Station
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and soil temperature, relative humidity, soil moisture, incom-
ing and net radiation, precipitation, evaporation, and wind
speed and direction were measured. The most complete obser-
vations were made at four locations in Arthur Harbor (figure 1).
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We investigated the diversity of plant communities, their
controlling factors, and recovery after disturbances, including
human, in various ice-free areas along the Antarctic Peninsula,
particularly near Palmer Station.

Field operations were conducted between 23 December 1982
and 26 March 1983. Arthur Harbor operations were supported
from Palmer Station and the Antarctic Peninsula operations by
Iv Hero. Mark Losleben worked as field assistant and cli-

matologist between 23 December and 7 March.
The following sites were sampled: Deception and Nelson

Islands, South Shetland Islands; Biscoe Point, Cape Prince Al-
bert de Monaco, and several islands and points in Arthur Har-
bor, Anvers Island; Goudier Island, Port Lockroy near Wiencke
Island; Green Island, Berthelot Islands (a specially protected
area from the U.S. Antarctic Research Program, for which a
permit was acquired); Humphries Heights, Graham Coast; and
Cierra Point, Danco Coast.

At each site, plots were photographed and sampled for the
plant taxa present, their cover, soil, and selected environmental
factors including disturbance. Many of the total of 571 plots
were permanently marked. Sampling covered approximately 50
different plant communities. Climatic variables including air

Figure 1. (Right) Diurnal range of daily air temperature at 10 cen-
timeters above ground at four sites in Arthur Harbor, measured with
a homemade Stevenson screen on a hygrothermograph (Weather
Measure). Mean daily temperature for Stepping Stone was calcu-
lated by averaging readings taken at 2—hour intervals. The tem-
peratures were slightly higher on a flat island covered with vascular
plants (Stepping Stone) than on a flat island covered with mossbank
(Shortcut), but the temperature and relative humidity pattern was
very similar suggesting other controls of mossbank occurrence
such as substrate and/or availability of mossbank meltwater rich in
nutrients from penguin guano throughout the growing season. The
north slope on Litchfield Island (mossbank) was the warmest and
the south slope (moss and algae communities) was the coldest
station; amplitude of temperatures was dampened on the south
slope. Both sites on Litchfield Island were noticeably warmer in
January.
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We also made measurements of depth of thaw and observations
of frost-sorted features.

A discontinuous 5,000-square meter stand of Descharnpsia
antarctica Desv. and Colobanthus quitensis (Kunth) Barti., the only
two antarctic vascular plants, was sampled at 64°49'S on Biscoe
Point; this was probably the site examined by Turquet (1906;

Smith and Corner 1973). Very likely, Biscoe Point represents the
southernmost large stand of these two taxa, and it was pro-
posed for protection.

Recent ice and snow-patch recession in the Arthur Harbor
area (Smith 1982) probably adversely affected the moisture sup-
ply of mossbanks which show a considerable quantity of dead

Figure 2. Very little original vegetation has recovered in places where peat was cut out of a mossbank on Norsel Point, Anvers Island. The
average diameter of lichens colonizing the rock bared by peat removal is 16 millimeters. The peat is approximately 30 centimeters deep. These
plots probably date from the time of the British Base near Old Palmer on Norsel Point. Base operated between 1955 and 1958 and for short
periods until it accidentally burned to the ground in 1971 (Hattersley-Smith personal communication; Lipps 1978; Smith personal communica-
tion; Walton personal communication).

Figure 3. A moss community which has developed on a human-disturbed, moist surface at Port Lockroy, Goudier Island, near Wiencke Island.
This British Base A operated between 1944 and 1962 (Hattersley-Smith personal communication; Lipps 1978; Smith personal communication;
Walton personal communication). Particularly communities dominated by pleurocarpous mosses or by Bryum and Pohila in moist habitats
appear to be noticeably resilient to disturbance. These mosses often act as both dominants and colonizers, while strong, mossbank-forming
dominants such as Polytrichum and Chorisodontium colonize only rarely. Lichen diameters on human-disturbed surfaces at Port Lockroy
ranged between 5 and 15 millimeters.
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mosses and are being colonized by lichens. Daily summer pre-
cipitation, which is greater in the north and is sufficient for
growth of mossbanks on Signy Island, South Orkney Islands
(Fenton and Smith 1982), does not support vigorous growth of
mossbanks in Arthur Harbor at present. The ice and snow-
patch recession must have been limited or it did not affect the
moisture supply to the mossbank on the southernmost visited
site, Green Island, where mosses are growing well.

The recession of a thin ice sheet on Carnage Point probably
occurred relatively rapidly during the century (cf. Collins 1976;
Smith 1982). Shortness of time available since the recession,
rather than the construction of Palmer Station and use of tracked
vehicles (Smith 1982), appears to be the reason for the sparse
colonization of most of the Carnage Point by plants. Native
plants from Norsel Point were transplanted to Carnage Point to
test this hypothesis.

Colonization and recovery after disturbance appear to be
very slow, especially in habitats less than optimal for plant
growth. On Norsel Point, an old system of plots was pointed
out to us by D. E. Murrish. Only a few mosses and lichens
vegetate the vertical sides of the rnossbank where the peat was
cut out (figure 2). This supports the hypothesis that the present
conditions in Arthur Harbor are not favorable for mossbanks. In
places where there is enough moisture and other conditions are
favorable, bryophytes which do not form rnossbanks may de-
velop high cover in recovering communities (figure 3). Other
investigated human disturbances included the vicinity of Pal-
mer Station, old Palmer Station on Norsel Point, British Base N
on Norsel Point, Argentine base Primavera, Hughes Bay, and
sites on Deception Island.

Dynamics of mature communities also appear to be very
slow. Dead plants have high cover and occur in up to 20 square
meter-patches on both fine material and rocks. Most plants
were probably killed during austral summers with excep-
tionally bad weather and icy conditions; some plants could have
been killed during unusual droughts. Due to slow decomposi-

tion in the cold environment, the dead plants persist and pre-
vent recolonization and community recovery for long periods.
Common disturbances by animals may have adverse or sub-
sidizing effects.

Studies of plant strategies and seedling survival in various
communities have been initiated. Competition and environ-
ment manipulation transplant experiments with native plants
were started on Carnage Point. Transport of propagules by birds
will be investigated.

This research was supported by National Science Foundation
grant DPP 82-01047. I would like to thank Captain P. Lenie, the
crew of the iIv Hero, and the Palmer Station personnel for their
great support.
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Skua and petrel sightings in interior
antarctic ranges—Thiel and southern

Pensacola Mountains
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Geologic field parties occasionally have unusual oppor-
tunities to observe rare birdlife in interior parts of Antarctica far
from coastal nesting sites, where most ornithologic studies are
carried out. Such sightings are of great importance to knowl-
edge of the behavior and territorial range of antarctic seabirds

(Halle 1973). According to Halle (1973), the reporting of bird
observations may generally be overlooked, because of scientists'
overspecialization in narrow research fields. This failure to re-
port observations probably accounts for the scarcity of reports of
sightings near the South Pole after those from Robert F. Scott's
1911-1912 polar journey. On that expedition, south-polar skuas
(Catharacta maccormicki) were observed within 260 kilometers of
the South Pole (Eklund 1964)—it was not until December
1967-January 1968 [when birds were sighted near there (Halle
1973)] and in summer 1977-1978 [(Axelrod 1979), when solitary
skuas visited Amundsen-Scott South Pole Station] that the next
reportings of sightings were published. In a 1962 experiment to
test the flight and navigational abilities of this species, six adult
skuas were flown by airplane to the South Pole and released; in
less than 10 days, at least one had made its way back to its Cape
Crozier nest 1,330 kilometers away (Eklund 1964). From this
study it is reasonable to conclude that birds are capable of
navigating far inland and that the lack of reported sightings
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does not mean that there are no birds away from the coastal
regions.

This report describes several bird sightings during U.S. Geo-
logical Survey geologic fieldwork in the 1960's and 1970's in
some of the ranges of the Transantarctic Mountains closest to
the South Pole.

Thiel Mountains. Field parties were stationed in the Thiel
Mountains (figure) during January 1961 and from early
November 1961 to early January 1962. We were placed by R4D
aircraft from Byrd Station. A highly visible base camp with a
Jamesway hut was established on a broad expanse of snow and
ice about 15 kilometers from the nearest mountains. In the two
summers, we were visited on a single occasion by a solitary
skua that arrived at about 0830 hours, 11 January 1961. Because
we were inside the hut, we did not see the skua's arrival. When
discovered, the bird was standing on the camp refuse pile about
50 meters from the hut. In our rush to photograph our first
visitor, we frightened it off, and it flew southward, disappearing
over the horizon of the polar plateau.

We were surprised on the following day to find a small chick-
enlike leg bone at the top of the refuse pile. Since our dinner
menus had consisted only of Bolton trail rations—meat-bar
stews, soups, and pemmican—the bone had to have been
brought by the skua and left behind in its hasty departure. The
visit was a few days after Major A. Havola's 1960-1961 Byrd-Pole
tractor traverse (figure), passing near the Thiel Mountains. We
therefore considered it likely that the skua had picked up the
bone from a traverse-party midden, but it might also have
picked it up from Byrd Station or elsewhere. In our hasty identi-
fication, we neglected to consider that the bone might even have
been that of another antarctic bird. In any case, it is of interest
that the bird was carrying such provision for its long interior
flight.

Map showing areas of bird sightings, 1961-1966.

The fact that the bird was alone and that it appeared so soon
after the tractor traverse suggests that the skua was following
vehicle tracks, until our camp became visible. When it left, the
skua appeared to be generally following Havola's traverse route
toward the South Pole. The skua could not have been guided by
aircraft contrails, as was suggested by Axelrod (1979) in her
report of skua flights in other interior regions, because there
were no aircraft operating in the vicinity and because our camp
was 500 kilometers from the flight route between McMurdo and
South Pole Stations, too great a distance for the contrails to be
visible. With their keen eyesight (Eklund 1964), skuas should
easily be able to follow a chain of nunataks southward to this
area from the Ellsworth Mountains, about 500 kilometers away,
where there have been more numerous visits by south-polar
skuas (Splettstoesser 1981). However, in this case, the coinci-
dence in timing with the tractor traverse suggests that this skua
was guided by the vehicle tracks.

Patuxent Range. No avian visits were observed during field-
work in the period 10 November 1962 to 5 February 1963 in the
Patuxent Range, where we were placed, and in midseason re-
supplied, by R41) aircraft. A visit by a single south-polar skua
was, however, observed the following summer when a snow-
mobile traverse party, working mainly in the Neptune Range to
the north, crossed the Academy Glacier to revisit the Patuxent
Range. As the snowmobile traverse party approached the
1962-1963 summer's Jamesway-hut base camp near the south
margin of the glacier, at 1910 hours, 18 December 1963, the skua
suddenly appeared and cavorted around the moving sledges.
When the vehicles stopped, the bird landed a few tens of meters
from the party but refused to eat morsels of chocolate and
canned pemmican that were tossed out to it (Schmidt personal
communication). The skua remained behind when the party left
and was not seen again. Aircraft were not operating in the
vicinity before or during its visit.

Pecora Escarpment. During the 1962-1963 Patuxent Range
fieldwork, we made a snowmobile traverse southward for a first
visit to the then-unnamed Pecora Escarpment (figure), which
we had seen on the horizon of distant aerial photography. A
lengthy blizzard made travel hazardous and stopped the tra-
verse at latitude 85°30'S on the Patuxent Ice Stream. At 0015
hours on 10 January, the screeching calls of bird surprised us
and brought us out of our tent to see the visitor. The sighting of
this bird, later identified (Watson 1975, plate 6) as a snow petrel
(Pagodroma nivea), was reported by Schmidt and Ford (1963, p.
23), who described it as follows: ". . . the only non-human life
of any type seen during the entire 3 months in the field was one
snow petrel sighted on 6 January (sic), well south of the Patux-
ent Mountains, at about latitude 85.5° 5 on the long trip to the
southern nunataks. The bird appeared at midnight on a beau-
tiful sunny clear day after 3'/2 days of storm and white-out
conditions, and its wild diving and swooping antics within feet
of our clicking cameras indicated a delight as great as our own in
seeing another form of life. The petrel departed on a straight
northerly course toward the Patuxent Mountains after cavorting
for more than 5 minutes." (The date was erroneously reported
as 6, rather than 10, January.) Again, only vehicle tracks were
available as possible guides for the visit. Although sightings of
snow petrels seem to be much less common than of skuas in
inland areas, petrels have been reported from the Ellsworth
Mountains (Splettstoesser 1981), Marie Byrd Land (Rugh 1974),
and Victoria Land (Ricker 1964). Our sighting of this species,
however, is much farther south than any other sighting known
to the writer.
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Central and northern ranges of the Pensacola Mountains
were studied during early November to February summer sea-
sons of 1963-1964 and 1965-1966 and for shorter periods in
several later years. No avian visits were observed in the Nep-
tune Range in 1963-1964. However, in 1965-1966, numerous
but uncounted visits by skuas to the large midden of a 40-
person helicopter base facility in the north-central Neptune
Range were doubtless attracted by the abundant helicopter,
LC-130 Hercules, and R4D aircraft activity that summer
throughout the Pensacola Mountains. During work in January
1974 and November-December 1976 and 1978 in areas of the
Dufek Massif and the Forrestal Range, lying north of the Nep-
tune Range, birds were sighted on but a single occasion: in mid-
December 1978, two snow petrels were seen from afar flying
over Davis Valley (82°30' S 51° W) at the northeast end of Dufek
Massif (Reynolds fieldnotes). Near the south margin of the
Filchner Ice Shelf and only about 500 kilometers from the Wed-
deli Sea, this broad ice-free valley containing a small pond, algal
mats, and abundant meltwater would appear to be attractive to
seabirds. The sighting of the two birds in but 4 days of work in
the valley suggests that it is.
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antarctic oasis lake biota
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The primary aim of our 3-year study was to characterize the
extent to and mechanisms by which organisms native to the
unusual southern Victoria Land lakes are adapted for survival
and growth under certain environmental extremes. The second
year report addressed adaptations of algae, heterotrophic bacte-
ria, and an aquatic moss to low light, low temperature, hyper-
salinity, and high concentrations of dissolved oxygen. We also
discussed adaptations of the lakes' modern algalbacterial
stromatolites to nonturbulence and the absence of metazoa
(Parker et al. 1982a). Additional new information on these lakes
include Cathey and others (1982); Kaspar and others (1982);
Love and others (1982, 1983); Parker and others (1982b, c);
Seaburg, Kaspar, and Parker (in press); Seaburg and Parker (in
press); Simmons and others (1983); and Wharton, Parker, and
Simmons (in press). During this third year, we have furthered
our understanding of the adaptations to low light, low tem-
perature, high dissolved oxygen; also, we have obtained new

evidence for phosphorus limitation and stromatolite structure,
distribution, and lipid content.

Low light. Seaburg and others (in press) have produced the
first estimate of the photosynthetic quantum efficiency for a
phytoplankton community in high latitude polar ecosystems,
namely for Lakes Bonney, Fryxell, Hoare, and Vanda. Their
estimates indicate that the phytoplankton of these four lakes
either (1) convert light to organic matter more efficiently or (2)
trap light more efficiently than freshwater or marine phy-
toplankton elsewhere.

During the 1982-1983 field season microbial mat from the
anoxic depths of Lake Fryxell fixed significant levels of car-
bon-14 bicarbonate (H 14CO 3 ) and carbon-14-acetate at in situ
low-light levels. This suggests the presence of the anaerobic
photosynthetic bacteria (e.g., Rhodospirillaceae, Chromatiaceae
and/or Chlorobiaceae).

Low temperature. Seaburg and Parker (in press) examined
freshwater Virginia algae isolated from both cold (less than 6°C)
and warm (greater than 20°C) habitats using methods identical
with those applied earlier to antarctic lake algal isolates (Sea-
burg, Parker, and Simmons 1981). Comparison of data shows
clearly that the antarctic lakes have a significantly higher pro-
portion of algal taxa adapted to good growth at the colder
temperatures and correspondingly are more frequently inhib-
ited by the warmer temperatures.

Experiments during the 1982-1983 field season also showed
that dark respiration measured as carbon-14 dioxide ("CO,)
evolution from unilabeled glucose in lake water was highest at
about 12°C, less but still appreciable at 4°C, and severely inhib-
ited at 20°C.

Oxygen effects. Mikell, Parker, and Simmons (1983) have
shown that high dissolved oxygen levels simulating those of the
sub-ice waters of southern Victoria Land lakes severely inhibit
the growth and metabolism of planktonic bacteria from the
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oxygen saturated oligotrophic alpine Mountain Lake, Cues
County, Virginia. All evidence points to an intracellular site of
oxygen or oxygen byproduct inhibition. These results are in
striking contrast to similar experiments conducted on the
planktonic bacterial communities of the antarctic lakes where
bacterial growth and metabolism were not inhibited and some-
times apparently stimulated by high dissolved oxygen levels
(Mike!! and Parker in preparation).

Phosphorus limitations. In situ phosphorus-33-labeled phos-
phate (33PO4 3) uptake rates by plankton have been conducted
in the four lakes during three austral summers (Seaburg et al. in
preparation.) A total of 40 tracer and 20 nontracer level experi-
ments showed that, while turnover times for natural phosphate
(PO4 3) pools were much longer than for temperate latitude
lakes, phosphorus probably is a major limiting nutrient for
plankton growth and productivity. Notable exceptions are at
lake depths where light is severely limiting, phosphorus has
accumulated, or plankton densities are very low.

Stromatolites. A unique feature of at least five southern Vic-
toria Land lakes are the benthic bluegreen algal-bacterial-di-
atomaceous mats which have formed modern stromatolites,
representing the only cold freshwater stromatolites presently
known on Earth. Various stromatolite types occur in Lakes
Bonney(B), Chad(C), Fryxell(F), Hoare(H), and Vanda(V) rang-
ing to various depths. These include columnar liftoff (B, C, F, H),
aerobic prostrate (B, C, F, H, V), anaerobic prostrate (F, H, V), and
pinnacle mats (B, V). Other types of mats, such as floating,
frozen in ice, and moat mats are ephemeral and do not form
stromatolites. Wharton and others (in press) have presented
details of the mat distribution, stratigraphic features, and algal
species composition and have discussed the more important
variables influencing their growth and form.

Recently we have begun to examine the lipids extracted from
select stromatolites, including free fatty acids, fatty acid trig-
lycerides, hydrocarbons, sterols, and steroids (Orcutt and Par-
ker, unpublished). The undegraded, excellent preservation of
these lipid components with increasing depth of select
stromatolitic cores from these lakes reinforce the findings of
Simmons and others (1983) that chlorophyll and adenosine
triphosphate were very stable in antarctic lake sediments in
contrast to temperate lake sediments. From our preliminary
survey of the lipids it has become clear that the major groups of
micro-organisms occurring in the stromatolitic mats and cores
(e.g., diatoms, bluegreen algae and bacteria, yeasts) reflect the
lipid composition. Examination of the lipids from deeper cores
should contribute significantly to an understanding of bio-
chemical diagenesis of cold freshwater stromatolites and possi-
bly the rates and pathways of carbon cycling within these lakes.
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The antarcic dry valley soils are generally highly saline (Cam-
eron 1967; Hall 1968; Tedrow and Ugolini 1966). It is surprising,
therefore, that previous microbiological investigations of dry
valley soils have indicated a decline in halotolerance with de-
creasing growth temperature (Benoit and Hall 1970; Cameron
1972; Hall 1968; Ugolini 1970). We have initiated a study aimed
at the examination of halotolerance as a function of temperature
in strains of bacteria we have isolated from saline dry valley
antarctic soil samples. Enrichment and isolation procedures
were designed to select for micro-organisms capable of growth
under conditions of high sodium chloride (NaCl) con-
centrations at relatively low temperatures (e.g., 5°C).

Several soil samples collected from a variety of locations with-
in Wright Valley and Taylor Valley were provided to our group
by Robert E. Benoit of the Virginia Polytechnic Institute. These
soil samples were maintained at dry-ice temperatures in transit
to our group and have subsequently been maintained at - 40°C.
Growth was enriched in liquid media. Media TYEHES* con-
tained HES salts [0.85 molar (M) NaCl, 0.04 M calcium chloride,
0.2 M magnesium sulfate], 0.01 percent Trypticase (Baltimore
Biological Laboratories), and 0.01 percent yeast extract (Difco).
The pH of the media was adjusted to 7.4 prior to sterilization by
autoclaving. Tubes (16 x 150 millimeter) containing 10 milli-
liters of media were inoculated with soil (0.1 gram) and incu-
bated at 5°C in the light (approximately 35 centimeters from a 60
watt bulb) without agitation. Initial growth was observed in
enrichment cultures approximately 5 days to 4 weeks after inoc-
ulation. A variety of morphological forms were observed such
as cocci, motile rods, and nonmotile rods. Micro-organisms
were isolated from enrichment culture using TYE-HES media.
supplemented with 0.7 percent Noble agar (Difco) at 5°C. The
morphologies of some of these strains are illustrated in the
figure.

All isolated strains tolerated relatively high concentrations of
NaC1(e.g., up to 2.0 M). The temperature optimum of all strains
was between 15-25°C. One of the isolates, an orange pig-

* TYE-HES is a growth medium.

mented, Gram-positive, obligately aerobic coccus (block C of
the figure) was chosen for further study. This isolate, strain A4a,
was capable of growth in the presence of 2.0 M NaCl at 0°C.

Growth rates of strain A4a were determined at different tem-
peratures in media containing HES salts upplemented with
0.05 percent trypticase and 0.05 percent yeast extract. NaCl
concentration was varied in these studies from 0.0 M added
NaCl to 2.0 M NaCl. The final pH was 7.2. Cells were grown in
100 milliliters of medium in 250 milliliter side-arm flasks which
were incubated on a rotary shaker within a Psychrotherm in-
cubator (New Brunswick Inc.). These media were inoculated
with 5 milliliters of a culture grown in medium containing I M
NaCl at room temperature for 36 hours. Growth was monitored
using a Klett-Summerson colorimeter equipped with a 660
nanometer filter.

Growth studies indicated that strain A4a was capable of
growth over wide ranges of temperature (0-40°C) and NaCl
concentrations (0-2.0 M). The optimal growth temperature was
found to be approximately 25°C at all concentrations of NaCl
examined (data not shown). Growth rate decreased with in-
creasing concentrations of NaCl at all temperatures, and strain
A4a grew in media not supplemented with NaCl. Growth in
media containing high concentrations of NaCl was therefore the
result of halotolerance, and a specific NaCl requirement was not
detected in these studies.

To further characterize strain A4a, the guanine plus cytosine
(G+c) content of the DNA (Mandel and Marmur (1968; Marmur
1961) and phospholipid composition were determined. The C
+c composition was 48.7 ± 0.6 molar percent. Phospholipid
analysis revealed three major phospholipids which were identi-
fied as phosphatidyl glycerol, cardiolipin, and phosphatidyl
ethanolamine. Identification was based on relative mobilities in
several one-dimensional thin layer chromatography solvent
systems (as compared with appropriate standards) as well as
reactivity with a variety of spray reagents. The presence of
significant levels of phosphatidyl ethanolamine (e.g., up to 40
percent) and the DNA-base composition indicated that strain
A4a was a member of the genus Planococcus. Planococci have
been isolated from marine environments (Kocur and Schleifer
1981) however, this is the first report, as far as we are aware, of a
species of Planococcus isolated from dry valley soils. Mor-
phologically similar micro-organisms, however, have been de-
scribed as common forms in the dry valley soils (Benoit and Hall
1970; Cameron, Honour, and Morelli 1976; Cameron, King, and
David 1970; Horowitz, Cameron, and Hubbard 1972; Meyer et
al. 1962). It is therefore possible that a more detailed charac-
terization of such reported strains would indicate that the
halotolerant planococci constitute a significant group of the
microbial flora within the dry valley soils.

This research was supported by National Science Foundation
grant DPP 81-20605.
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Aspects of nutrient behavior in
Lake Vanda

DONALD E. CANFIELD* and WILLIAM J. GREEN

School of Interdisciplinary Studies
Miami University

Oxford, Ohio 45056

Lake Vanda, located in Wright Valley, Antarctica, has been the
subject of considerable limnological attention over the past 20
years. The major ion chemistry and physical limnology of the
lake have been discussed by numerous authors including (An-
gino, Armitage, and Tash (1965); Green and Canfield (in prepa-
ration-a); Ragotzkie and Likens (1964); Toni and Yamagata
(1981); and Wilson (1964). The origin of the lake's salts continues
to be a somewhat perplexing issue and has been debated by
several of the above authors, as well as by Cartwright and Harris
(1981). Notably absent from the literature, however, is a detailed
discussion of the dynamics of nutrient behavior within the
Vanda-Onyx system. This paper serves as a continuing report
on the activities of our field party during the 1980-1981 field
season, with an emphasis on the nutrient chemistry of Lake
Vanda and the Onyx River.

Lake Vanda has been classified as an ultra -oligotrophic lake
(Goldman, Mason, and Hobbie 1967) and is recognized as being
one of the least biologically productive and clearest lakes in the
world. Goldman and others (1967) observed that the highest
rates of productivity occurred in the warm middle regions of the
lake's monimolimnion and postulated that Lake Vanda's low
mixolimnetic water temperature could be responsible for this
low productivity. They also noted enhanced biological activity
when lake littoral waters were spiked with a solution containing
the nutrient nitrate, suggesting that nitrate limitation might also
be a factor in the low productivity. Unfortunately, no water
column nutrient data were available at the time to lend support
to either of these hypotheses. In an effort to determine what role
nutrient limitation might play in controlling the lake's biological
productivity and to consider, in general, the dynamics of nu-
trient behavior within the Vanda-Onyx system, a study was
undertaken in which lake waters were analyzed for nitrate,
nitrite, ammonia, total phosphorus, and dissolved orthophos-
phate. The Onyx River, Lake Vanda's major input stream, was
sampled 23 times throughout the flow season and was also
analyzed for the same nutrients, as well as for condensed phos-
phate. These data were used, along with 12 years of Onyx River
flow data collected by the New Zealand Ministry of Works
(Chinn personal communication), to calculate residence times
for various nutrient species in the region above the chemocline.

Figures 1 and 2 show the seasonal variations in nutrient
concentrations for the Onyx River. During initial flow, con-
centrations of phosphorus and nitrogen were high but dropped
markedly after a few days. Concentrations became relatively
constant after the first week. The initially high nutrient levels
could be a result of the long contact time that the first flowing

* Present address: Department of Geology and Geophysics, Yale University,
New Haven, Connecticut 06520.
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Figure 1. Phosphorus concentration vs. time for the Onyx River.
["p. gil" denotes micrograms per liter; "P" denotes phosphorus;
"PO4-P" is a standard oceanographic (and limnologic) unit where
the weight of the nutrient species (i.e., phosphorus and nitrogen) is
expressed per unit volume and the prescript PO 4, NH3 , NO3, expres-
ses the form of the nutrient species.]
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Figure 2. Concentrations of nitrate-nitrogen vs. time for the Onyx
River. ("Vg/1" denotes micrograms per liter.)

waters have with the valley soils (1-2 weeks) on their course
from the Wright Lower Glacier to the lake. Also, evidence pre-
sented by Green and Canfield (1981) suggests that Bull Lake
(located just upstream from Lake Vanda) acts as a trap for
nutrients, which are incorporated into biological material, and
then released during the winter months. The flushing of these
regenerated nutrients during early flow could contribute to the
first summer pulse of nitrogen and phosphorus. Given the flow
rate of the Onyx River early in the season (50 liters per second)
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and the size of Bull Lake (approximately 100 meters by 200
meters by 2 meters deep), it takes 4 to 5 days for this small
waterbody to be flushed by the Onyx. During the first few days
of Onyx flow, the composition of the river entering Lake Vanda
may represent, to a large extent, the composition of Bull Lake.

Table 1 shows the seasonal, flow-weighted, average con-
centrations for nutrients entering Lake Vanda. Approximately
80 percent of the Onyx River phosphorus is present in particu-
late form. Some of this particulate posphorus is likely to be
organic in nature. However, given the high levels of iron in the
river (approximately 300 micrograms per liter), and the affinity
of phosphorus for iron oxide surfaces (Stumm and Morgan
1970), it is plausible that a large fraction of this particulate
phosphorus may be inorganically bound to hydrous iron ox-
ides. We estimate that on average 22 kilograms of total phos-
phorus enters Lake Vanda each year. Given that the lake's sur-
face area is 5.4 x 100 square meters, this influx represents one of
the lowest areal phosphorus loadings in the world and clearly
suggests that Lake Vanda owes its oligotrophic state to the
dearth of incoming phosphorus.

The atomic ratio of NO 3-N to PO,-P(D) for Onyx River water
entering Lake Vanda is approximately 16, the ratio of nitrogen to
phosphorus reported by Redfield, Ketchum, and Richards
(1964) is aquatic algae. Based on this consideration alone, nei-
ther phosphorus nor nitrogen would appear to be limiting
because both are available in the inflow waters in just the ratio
required for biological uptake. The situation changes dras-
tically, however, in the lake itself.

Table 2 presents nutrient concentrations as a function of
depth in the water column, along with values for dissolved
oxygen and chloride. Oxygen is presented to map the oxic-
anoxic boundary, while chloride shows the location of the
chemocline and the underlying brine. The nutrient versus
depth profile reported here agrees reasonably well with that
reported recently by Vincent (1981) for the same field season.
Nitrate concentrations parallel those of chloride (and the other
major ions) down to a depth of 54 meters. At 54 meters, the
nitrate concentration is at a maximum and quickly falls to zero at
the oxic-anoxic interface. Nitrite behaves in a similar manner.
By contrast, the concentrations of phosphorus, both total and
dissolved, are relatively constant well into the lake's diffusional
zone. Total and dissolved phosphorus concentrations increase
rapidly, beginning a few meters above the oxic-anoxic interface,
and they continue to increase with depth to the lake bottom.
Ammonia, a product of anoxic, biological respiration, is present

at low levels throughout the upper lake but attains high con-
centrations below 60 meters.

The data in table 2 allow questions concerning nutrient limita-
tion and low productivity to be addressed. On the strength of
these values, Lake Vanda is not nitrogen-limited but rather is
phosphorus-limited at all depths. At 48 meters, for example,
there are 841 nitrate nitrogen atoms for every one of
orthophosphate phosphorus (compare this to the 16-to-1 ratio
found in marine plankton). Because the supply of nutrients to
Lake Vanda contains dissolved nitrogen and phosphorus in a
16-to-1 ratio, it is likely that the excess nitrogen required for high
water-column ratios of nitrogen and phosphorus is at least in
part explained by a diffusional input of nitrogen into the upper
lake from the brine. Details of nutrient distribution in the lake
are being developed for a separate paper.

If we consider the water column nutrient distributions and
the low phosphorus concentrations above the chemocline, the
greater biological activity observed by Goldman in the 57-60
meter region can now be attributed to the enhanced availability
of dissolved phosphorus at these depths, rather than to in-
creased temperature. The algae in the waters between 57 and 60
meters are exposed to an optimum combination of diffusionally
derived phosphorus from the anoxic zone below and to a still
sufficient input of sunlight from above.

Using data collected during the 1980-1981 field season, it is
possible to compute a true steady-state residence time for phos-
phorus in the upper lake and an apparent residence time for
nitrogen in the same region. Here residence time is defined as
the ratio of the total mass of an element in a reservoir to its
annual rate of input. The relatively low concentrations of phos-
phorus in the water column suggest that this element has proba-
bly attained a true steady state over the past 1,000 years, where-
as nitrogen may still be accumulating in the upper reservoir. For
nitrogen we therefore report an "apparent" residence time
value.

The Onyx River is the only important input for phosphorus to
the upper lake, but for nitrogen, inputs from both the Onyx
River and diffusional inputs, from the lower lake, must be
considered. We calculate the upper lake residence time for
phosphorus to be 66 years; for nitrogen the apparent residence
time is 250 years. From these considerations it appears that
phosphorus is more rapidly removed from Lake Vanda's mix-
olimnetic waters than nitrogen. This conclusion agrees well
with observations regarding nitrogen to phosphorus ratios,
where the aforementioned dramatic increase in nitrogen/phos-

Table 1. Average concentrations of nutrients in the Onyx River during 1980-1981 flow seasona

PO4-P	 PO4-P	 PO4-P	 NO3-N
(dissolved)	 (total)	 (condensed)	nitrate nitrogen

Dissolved orthophosphate Total phosphorus	condensed phosphorus

1.2
	

6.2
	 1.7

	 8.2

NO2-N
nitrite nitrogen

after
17 December

1980 (see
figure 2)

NH,-N
ammonia nitrogen

nd.

a In micrograms per liter.
b "nd." denotes not detected.
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Table 2. Water column nutrient, chloride, and dissolved 0 2 concentrations in Lake Vandaa

Depth	PO4-P(T)	 POP(D)	 NO3-N	NO2-N	NH,-N
(in meters)	total phosphorus	dissolved orthophosphate	nitrate	nitrite	ammonia	Chloride	Dissolved

nitrogen	nitrogen	nitrogen	 oxygen

5
	

11.0
	

0.60
	

84.7
	

0.64
	

293
	

12.2
15
	 9.9	 0.78

	
80.7
	

0.60
	

6.0
	

356
	

15.9
25
	

7.3
	

0.87
	

63.9
	

0.44
	

493
	

14.8
35
	

7.0
	

0.73
	

62.9
	

0.38
	

0.0
	

510
	

15.6
45
	

7.0
	

0.40
	

96.0
	

0.42	 1,040
	

14.3
48
	

12.5
	

0.40
	

152
	

0.44	 3.2
	

1,550
	

13.1
51
	

7.4	 < 0.01
	

1,008
	

3.05
	

1.6
	

8,220
	

11.5
54
	

15.8
	

0.66
	

2,000
	

10.6
	

58
	

17,600
	

12.7
57
	

22.4
	

1.3
	

951
	

3.0
	

1,560
	

30,000
	

4.7
60
	

87.1
	

20.4
	

0.0
	

0.0
	

7,100
	

49,300
	

0.0
65
	

215
	

100
	

0.0
	

0.0
	

7,100
	

67,400
	

0.0

a All nutrients are micrograms per liter. Chloride is in milligrams per liter. Dissolved oxygen is in milliliters per liter.
TQrii and Yamagata (1981).

denotes no data taken.

phorus values occurred in going from the Onyx River to the lake
itself.

Phosphorus is not likely to be removed from the upper lake
entirely by biological particles (algae). The concentration of
chlorophyll a in this region is about 0.05 micrograms per liter
(Jones personal communication), corresponding to a biolog-
ically bound phosphorus concentration of only 0.03 micro-
grams per liter. This is roughly 200 times less than the actual
amount of particulate phosphorus in the lake, suggesting that
the remainder is inorganically bound. Knowing the strong af-
finity of dissolved ionic phosphate for iron oxide surfaces, such
an association with iron in Lake Vanda could reasonably ac-
count for significant phosphorus removal from the water
column.

Phosphorus and nitrogen behave quite differently in the Lake
Vanda-Onyx River system. Like the trace metals (Green and
Canfield in preparation-b), phosphorus shows little tendency to
accumulate in the water column, except in and just above the
anoxic zone. The major removal mechanisms for phosphorus
from the upper lake are likely to include sorption onto inorganic
surfaces and uptake by algae. Nitrogen, on the other hand, is
characterized by a much longer apparent residence time, sug-
gesting that it, like the major ions, tends to accumulate to some
extent in this closed-basin lake.

The results presented here suggest that productivity in Lake
Vanda is limited by low areal phosphorus loads from the Onyx
River and by the absence of phosphorus recycling within the
lake. The relative abundance of water column nitrogen can be
attributed to nitrogen "pumping" from the anoxic brine into the
water above. This latter phenomenon is dependent of course
upon the lake's history-upon the evaporation and filling cycles
discussed by Wilson-and it points out the need to link the
biological present of these systems with their geochemical past.

We express our thanks to John Wood for making the McMur-
do lab a comfortable place in which to work and to VXE-6 for
transportation to and from the field. We cannot thank Pete
Johnson of Vanda station enough for his hospitality. Also, we
gratefully acknowledge the support of the National Science

Foundation for making this research possible (grant DPP
79-20860).
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Environmental extremes in Antarctica, especially in the ice-
free regions, may limit life to a narrow zone under the surface of
certain rocks. Micro-organisms inhabit either fissures and
cracks or the structural cavities of porous sandstone rocks. Since
1976 geological, meteorological, and biological investigations
have helped us to understand the nature of these highly adapt-
ed communities in southern Victoria Land (Friedmann 1982).
Between November 1982 and February 1983, we worked at
Linnaeus Terrace (77°36'S 161°05'E) and near Mount Dido
(77°29'S 171°11'E). The field team included: Christopher P.
McKay, James A. Nienow, Stephen A. Norton, David A. Tyler, J.
Robie Vestal, and Rebecca Weed. The objective of our study is to
gain a comprehensive understanding of the cryptoendolithic
microbial ecosystem, including its implications for earth sci-
ences. With sufficient data, we will be able to assess the impact
of biogenous weathering on geological processes occurring in
southern Victoria Land's ice-free valleys. During the 1982-1983
austral summer, we gathered data on lichen growth variation in
microbial biomass, the microenvironment inside the rock sub-
strate, seasonal changes in temperature and light, weathering
processes, and weathering rates.

Pattern of lichen growth. One important question concerning
the growth of the cryptoendolithic lichens in the Beacon sand-
stone is whether lichens grow in a radial manner similar to
epiphytic lichens. If they grow radially with the outer portions
being more recent, then possibly there are areas within a rock
containing dead lichens. Viable biomass measurements were
made to test this hypothesis.

Six large, flat lichenized rocks (approximately 2,500 cen-
timeters each) were chosen from Linnaeus Terrace. Circular
areas were measured at various locations on the rock surface.
The rock under the areas containing the lichen zone was col-

lected and crushed to the consistency of sand. Lipids were
extracted with chloroform/methanol/water (1/2/0.5 per volume)
from the microbiota in the sand and were then digested with
perchloric acid at 180°C. The amount of the remaining phos-
phate was determined colormetrically, a procedure that mea-
sures the extracted phospholipids that indicate viable biomass
(White et al. 1979).

The data reveal (table) some variation (7 to 53 percent) of the
biomass within each rock and some variation among the six
rocks. This was shown by a one-way analysis of variance
(p<O.00S). Even though this is true, all of the mean biomasses
were within the same order of magnitude and only varied by 19
percent.

We conclude that there are viable micro-organisms
throughout the rock and that their biomasses may vary because
of such factors as surface topology, degree of silicification, orien-
tation to the sun and wind, chemical composition of the rock,
and amount of available water.

Microenvironmental data. This past season we began continu-
ous monitoring of the microenvironmental conditions in colo-
nized rocks. The main component of the system is an ARGOS
Data Acquisition Platform (ADAP) manufactured by Polar Re-
search Laboratories Inc. of Santa Barbara, California. The unit is
portable, self-contained, and runs on batteries that recharge
during the summer by a solar cell array. The ADAP samples 32
sensors, stores the data, and transmits it once every 200 sec-
onds to the National Oceanic and Atmospheric Administra-
tion's polar-orbiting TIROS satellites, which relay the data to the
ARGOS service (Centre spatial de Toulouse, France) via ground
stations. The data is then collected on magnetic tape for further
analysis. The number of satellite passes over a given platform
ranges from 7 per day at the equator to 28 per day at the North
and South Poles.

The ADAP unit is connected to sensors that monitor the tem-
perature of the rocks and the air, the relative humidity in the
pore spaces of the rocks and in the air, the wind speed near the
ground, the photosynthetically active radiation flux, the surface
conductivity of the rocks (an indication of the presence of
water), and soil temperatures. The system has potential to in-
clude other sensors as well.

Remote data systems have several advantages. Most impor-
tantly they allow us to monitor the conditions in the cryptoen-

Variation in microbial biomass' of the cryptoendolithic lichen micro-
biota In Beacon sandstone from Linnaeus Terrace

Micromoles of	 Number of
Rock sample	phosphate per square	Coefficient	samples

number	centimeter 	of variation	per rock

1	 0.0507 ± 0.017	 34	24
2	 0.0398 ± 0.021	 53	15
3	 0.0482 ± 0.013	 27	8
4	 0.0600 ± 0.004	 7	3
5	 0.0680 ± 0.021	 29	3
6C	0.0500 ± 0.006	 12	3

a Biomass is measured as the amount of phosphate in the extractable
lipids.

b Values are the mean ± 1 standard deviation.
The mean of means for the 6 rocks sampled is 0.0530 ± 0.0098. (The
coefficient of variation is 19.)
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dolithic environment throughout the austral summer. Of par-
ticular interest are the temperature, light, and moisture regimes
in late summer, which may be the most biologically active
period. Remote systems also minimize the impact on the en-
vironment by decreasing the amount of field time required. The
data acquisition system was successfully operating during the
entire 1983 austral winter. The coldest air temperature (1 meter
above ground) was - 37°C on 15 August 1983, 0 hours 46 min-
utes universal time.

Moisture measurements. The availability of moisture in the
rocks is a key factor in determining their suitability as an abode
for life. Melting snow was reported earlier as being the main
source of water for cryptoendolithic micro-organisms (Fried -
mann 1978). Field measurements have confirmed previous ob-
servations (Kappen, Friedmann, and Garty 1981) that the rocks
retain water for long periods. We have observed that the
amount of snow reaching the terrace varies considerably from
year to year and that large snow deposits in the lee of large rocks
and in topographic depressions may persist for longer than an
annual cycle.

A particularly heavy snowfall in December 1980 left drifts that
were still identifiable 2 years later. Although it is possible that
these drifts were renewed by subsequent snowfall, we con-
ducted a simple experiment that demonstrated the long resi-
dence time of snow on the terrace. In December 1980 a snow
mound was constructed in an area that was not sheltered and
where snow would not normally accumulate. The mound's
initial height was about 1.5 meters with a 2-meter-square base.
After 1 year the mound was approximately 1 meter high and still
easily recognizable. After a second year the mound was about
0.5 meters high and covered approximately 50 percent of the
original mound's area.

The long residence time of snow accumulations and the hold-
ing capacity of the rocks suggest that the effects of a wet season
could last for more than 1 year. The growth of the micro-organ-
isms in rocks on the terrace may be significantly greater during
these wet years.

Weathering processes. Three weathering processes acting on
Beacon sandstones are: (1) accumulation of an iron-enriched
crust, (2) exfoliation associated with colonization by endolithic
micro-organisms, and (3) silicification. Each weathering crust
overprints the previous ones in varying rock microclimates
within the field area, suggesting that they represent ongoing
processes with comparable rates. They govern geochemical
cycling and textures on many surfaces, while the pervasive
weathering agents—frost action, salt fretting, and aeolian trans-
port—dominate physical disintegration.

Airborne weathering products from the Ferrar Dolerite and
Beacon lithologies contribute to the weathering crusts. Transi-
tional colors (oranges, reds, browns) and textures (friable to
silicified) on Beacon bedrock and desert lag reflect changes in
the mineralogic form of ferric iron and changes in permeability
caused by silicification. Our initial work on weathering-crust
formation includes analyses of possible lichen exudates under-
neath colonized areas and of elements in colonized and un-
colonized rocks. These features, which we hope to characterize

through petrographic, scanning and transmission electron mi-
croscope, and atomic absorption analyses, represent the sur-
faces and solutions that determine nutrient availability and
weathering rates.

Weathering rates. This past season, we began a long-term
study of weathering rates, employing photogrammetric tech-
niques. Colonized and uncolonized rock surfaces with different
exposures to sun and wind are being studied on a comparative
basis.

Nine sites (seven at Linnaeus Terrace and two near Mount
Dido) were selected for study. The sites are characterized as
follows:
• Three sites are uncolonized and unsilicified and are being

subjected to wind erosion (deflation).
• Three sites are totally colonized with no deflation and re-

tarded silicification.
• Three sites have a mixture of colonized rock, silicified rock,

and deflating rock.
Each site included one or two stereophotogrammetric mod-

els. A model is a 1- by 1.5-meter area which is covered by the
overlap of two photographs and includes 12 control points. The
models were photographed in overlapping frames from a
height of 4 meters in color and black-and-white and from a
height of 1.5 meters in color.

The photography, which we plan to repeat during the
1984-1985 austral summer, will help us to identify rapidly areas
that have undergone exfoliation. Exfoliation is visible because of
(1) color changes (in the case of colonized or silicified areas) or
(2) relief changes. The latter can be identified by stereo model
comparison of photographs taken at different times. After areas
of mass removal have been identified, the volume of material
removed can be calculated by computing a "before" and "after"
topologic surface of the rock based on the survey control and
standard photogrammetric techniques. The removed material
lies between the two calculated surfaces. Because accuracy both
vertically and horizontally is about 0.5 millimeters, this tech-
nique's resolution is precise, nearly down to the grain size of the
rock.

This research was supported by National Science Foundation
grant DPP 80-17581.
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Outbreaks of common colds have been noted among person-
nel at many isolated antarctic stations immediately following
the end of the isolation period and resumption of contact with
the outside world (Allen 1973; Muchmore and Shurley 1974;
Parkinson, Muchmore, and Scott 1979a). The etiologic agents
responsible for these end-of-isolation outbreaks at South Pole
and McMurdo Stations have been identified. Viruses recovered
have included rhinovirus, parain flue nzavirus types 1 and 3
(Parkinson et al. 1979a) and adenovirus (Dick et al. 1978). The
introduction of these agents to an isolated, susceptible com-
munity and the resulting outbreak of infection support current
concepts of common-cold epidemiology. However, apparently
contrary to these concepts are reports of occurrences of com-
mon colds during the middle of the isolation period, long after
the accepted incubation period for human common cold viruses
and when the introduction of new virus to the community was
impossible (Allen 1973; Allen et al. 1973).

We have recorded occurrences of mid-isolation common
colds among the 18-20 subjects wintering at South Pole Station
each year since our observations began in 1974 (table). These
outbreaks often begin 7-18 and 22-27 weeks after the beginning
of the winter isolation period. Symptoms are typically mild to
moderate and include coryza, malaise, sore throat, headache,
and nasal congestion. The symptoms last for 4 to 7 days and
often appear to spread to one or more additional subjects within
7 days. The occurrence of these infections poses several inter-
esting problems concerning their etiology and the source of
virus within this closed community.

During the 1974 winter, colds occurred in two apparently
related clusters, one beginning on 2 April and a second on 7
September. Two subjects gave histories of opening boxes of
electrical components and clothing. Howeyer, opening boxes of
supplies is a recurring event for all personnel throughout the
year. Eleven acute throat swabs were collected from this winter
group, stored at - 20°C, and transported to the University of

Otago in Dunedin, New Zealand for processing; no virus was
isolated. In 1975 a major outbreak of colds began on 14 June,
two days after a meeting of the 300 club. This time 101 throat
swabs were collected throughout the winter period and re-
turned to New Zealand for processing, but again no virus was
grown.

During winter 1976, episodes of respiratory tract illness oc-
curred in May and August. Again no virus was grown from the
specimens taken during these outbreaks. However, para-
influenzavirus types 1 and 3 had been recovered from both
winter and summer support personnel at McMurdo and South
Pole Stations the preceding austral summer (October-December
1975). Hemagglutination inhibition assays on multiple sera col-
lected from the 1976 winter group showed changes in antibody
titers to parainfluenzavirus types 1 and 3 corresponding to the
episodes of infection (Parkinson, Muchmore, and Scott 1979b).
These results suggest that parainfluenzaviruses were responsi-
ble for the mid-isolation colds that occurred during the 1976
winter isolation period. In contrast, however, few changes in
parainfluenzavirus antibody titers were detectable in the 1977
wintering subjects.

Colds occurred after 10 and 22 weeks of complete social
isolation during the winter of 1978. Parairtfluenzaviruses types
1 and 3 were recovered from both symptomatic and
asymptomatic subjects by direct inoculation of throat-swab
specimens into cell cultures maintained throughout the winter
at South Pole Station by a wintering scientist (Joe E. Hump-
hries). Fourfold changes in antibody titers were also detected in
both symptomatic and asymptomatic subjects during these epi-

Mid-Isolation upper respiratory infections (uRI) South Pole Station,
Antarctica

Station	 URI	 URI	Station
Year	closing	episode 1	episode 2	opening

1974	17 Feb.	2 Apr.	(7) a	7 Sept. (6)	2 Nov.
1975	13 Feb.	14 June (7)	12 July	(3)	25 Oct.
1976	13 Feb.	2 May	(4)	5 Aug. (4)	30 Oct.
1977	13 Feb.	9 May (3)	None	3 Nov.
1978	9 Feb.	4 Apr.	(8)	22 Aug. (1)	1 Nov.

1979	12 Feb.	5 Apr.	(4)	5 Aug.	(2)	2 Nov.
1980	10 Feb.	10 Apr.	(2)	1 Sept. (2)	5 Nov.
1981	9 Feb.	6 Apr.	(2)	23 July	(2)	5 Nov.
1982	10 Feb.	15 Jun.	(5)	10 Aug. (3)	6 Nov.

a Numbers in parentheses are the number of winter-over individuals with
symptoms. Each winter-over group consists of 18-20 individuals.

1983 REVIEW	 229



sodes indicating the presence of parainfluenzaviruses within
this community during isolation (Muchmore et al. 1979).

During the 1981 winter, colds occurred from 6 to 12 April and
again from 23 to 29 July. Of the eight acute throat-swab spec-
imens collected, stored frozen during the winter, and inocu -
lated into cell culture at South Pole Station during the following
summer, one rhinovirus type 28 was recovered from a specimen
collected on 29 July 1981. The source of a rhinovirus obtained
from this asymptomatic subject, who had been socially isolated
for 24 weeks, is unknown. However, a midwinter airdrop into
South Pole Station took place on 22 June 1981. Although the
persistence of rhinovirus in the environment at South Pole
Station for 32 days is unlikely, this possibility cannot be
excluded.

During the 1982 winter, colds were again present but were
accompanied by acute gastrointestinal symptoms beginning on
18 June. This outbreak began 7 days prior to the United States
Air Force midwinter air drop for 1982. No virus or bacterial
pathogens were isolated from frozen acute specimens collected
during this year. Serologic assays and studies for the presence of
noncultivable viruses are still in progress.

The presence of human respiratory and enteric viruses in this
community after more than 10 weeks of total isolation suggests
the long-term persistence of these viruses either in the environ-
ment or in one or more subjects isolated at the South Pole. We
have shown previously that pa rain flue nzaviruses do not sur-
vive on surfaces for 10 weeks in the south polar environment,
and that the environment did not provide the source of para-
influenzavirus related colds observed during the 1978 winter
(Parkinson et al. 1982).

The absence of parainfluenzavirus serologic responses dur-
ing 1977, the recovery of rhinovirus from a symptomatic subject
during 1981, and the presence of nonbacterial gastroenteritis
during the 1982 winter at South Pole Station suggest that more
than one virus may be involved in the etiology of these mid-
winter common-cold episodes. The data presented demon-
strate clearly that upper respiratory viral infections occur with

low frequency in people in isolated groups. Identification of the
source of these viruses will provide an added dimension of
complexity to the epidemiology of the common cold.

This research has been supported by National Science Foun-
dation grant DPP 80-20092, the Oklahoma Medical Research
Foundation, and the Research Service of the Veterans Admin-
istration, Oklahoma City, Oklahoma.
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Decline in parainfluenzavirus specific
antibody avidity preceding common

cold during isolation at the South Pole

ALAN J. PARKINSON, E. NAN SCOTT,

and HAROLD C. MUCHMORE
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Departments of Medicine, Microbiology, and immunology

and
The Veterans Administration Medical Center
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J. KALMAKOFF

Department of Microbiology
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Two episodes of common colds were observed among 22
healthy human subjects isolated for 8.5 months at South Pole
Station during 1978 (Muchmore et al. 1979). These episodes
occurred after 10 and 22 weeks of complete social isolation.
Parainfluenzavirus types 1 and 3 were recovered from both
symptomatic and asymptomatic subjects by inoculation of
throat-swab specimens into cell cultures maintained at South
Pole Station throughout the winter. Fourfold changes in anti-
body levels, as measured by hemagglutination inhibition (HI)

assay, were detected in both symptomatic and asymptomatic
subjects indicating the presence of both clinical and subclinical
parainfluenzavirus-related infections within this community
during isolation. These observations raise questions as to the
nature of parainfluenzavirus persistence and the possible pro-
tective role of antiviral antibodies in this community. HI assays
which measure the quantity of virus specific antibody in serum
are traditionally used as indicators of susceptibility to para-
influenzavirus infections. However, the human adult normally
possesses preexisting levels of HI antibody to para-
influenzaviruses, and frequently the relationship between sus-
ceptibility to infection and HI antibody titers cannot be
established.

In the work reported here, we have attempted to show that
quantitative changes in the virus-specific antibody binding
(antibody avidity) can be measured, and that this antibody
avidity may be useful as an indicator of susceptibility to infec-
tion in man.

Nineteen of the 22 subjects wintering at South Pole Station
during the 1978 winter season volunteered to participate in this
study. Serum specimens were collected routinely throughout
the year beginning in September 1977 and subsequently in
November 1977, and January, March, July, October, and
November 1978. Antibody avidity to parainfluenzavirus type 3
was measured using a solid-phase radioimmunoassay (RIA).

From this assay both the total and virus-specific antibody bound
to parainfluenzavirus type 3 antigen can be determined. A plot
of the ratio of bound/free antibody versus bound antibody
yields a straight line graph, and the slope of this curve (- K) is
termed the "avidity constant in liters per mole (Lm- 1 )." HI

assays were carried out using standard methods. (Lennette and
Schmidt 1979). Statistical analysis of these results was limited to
the Wilcoxon-Mann-Whitney rank sum test because the RIA

data are not yet available on all subjects for all time periods.
Geometric mean HI titers and avidity constants were calcu-

lated for each time period, and computer curve fitting programs
(Apple II, Interactive Software Inc.) were employed to obtain
the curves shown in the figure. High levels of HI antibody and
high virus-specific antibody avidities were measured in serum
from this population during the austral summer, stimulated by
the outbreaks of parainfluenzavirus-related common colds
which predominate in both McMurdo and South Pole Stations
during October and November each year (Parkinson 1979 et al).
Fewer colds occurred at South Pole Station during January and
February 1978, and this decrease is accompanied by a sharp
decline in both HI and antibody avidity levels in this population.
Low mean virus-specific antibody avidity was demonstrated in
this population coinciding with both the midwinter outbreaks
of common colds which occurred among 8 out of 22 subjects in
April 1978 after 10 weeks isolation, and also in August 1978 after
27 weeks of isolation. In the latter episode, only one symp-
tomatic subject was observed. The subsequent increase in anti-
body avidity after each of these episodes of illness may be
attributed to the presence of clinical and subclinical infections
within this captive group. Statistically, differences below the 10
percent confidence level were demonstrated between avidity
constants measured in January and March (7.3 x 10 7LM-' to 3.3
>< 107LM 1 ; p<O.l), between January and July (7.3 X 107 LM-1to
2.2 x 107LM 1; p<0.07), and between July and November (2.2
X 107 LM- 1 to 4.8 x 107LM 1; p<0.08). Results of the con-
ventional serologic tests (i.e., the mean HI titers measured in
this population appeared to decrease with time during this
study, but these changes were not fourfold and are not consid-
ered statistically significant).

OCT DEC FEB APR JUN AUG OCT

Paralnfluenzavirus type 3 geometric mean hemagglutination inhibi-
tion (HI) titers and antibody avidity constants (K) of sequential sera
collected from winter subjects at South Pole Station during 1977 and
1978.
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These quantitative decreases in the antibody avidity levels,
and subsequent common-cold outbreaks suggest that when the
antibody avidity level for the whole group falls below a certain
threshold level, virus carriers previously dormant might then
become active as the source of new clinical and subclinical
infections within this closed community. This study suggests
that high serum antibody avidity is important in maintaining
immunological resistance to respiratory parainfluenzavirus in-
fections in man.

This research has been supported by National Science Foun -
dation grant DPP 80-20092, the Oklahoma Medical Research
Foundation, and the Research Service of the Veterans Admin-
istration, Oklahoma City, Oklahoma.
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Cold severity, duration, and
epidemiology in persons emerging
from isolation compared to newly

arrived persons at McMurdo Station

CARLTON K. MESCHIEVITZ, WILLIAM J. RAYNOR,
and ELLIOT C. DICK

University of Wisconsin
Madison, Wisconsin 53706

ADRIAN D. MANDEL

National Aeronautics and Space Administration
Moffett Field, California 94035

According to widely accepted scientific theory, persons in
polar communities emerging from isolation have enhanced sus-
ceptibility to and greater severity of respiratory disease when
compared with persons in normal communities. (Holmes et al.
1976; Jawetz, Melnick, and Adelberg 1982; Paul and Freese 1933.)
Although provocative, the studies supporting this theory are
few in number and have methodological limitations such as
failure to use same time and place controls, failure to use con-
trols at all, or small numbers of persons studied.

We had the unique opportunity to test this enhanced suscep-
tibility theory in a common-cold study at McMurdo Station,
Antarctica, comparing 191 winter personnel emerging from ap-
proximately 6 months isolation to 408 newly arrived summer
personnel controls. The winter and summer personnel North
American and New Zealand men of similar age and ethnicity
who lived and worked together in the closed McMurdo com-
munity during the WINFLY (winter-fly-in) period, between late
August and early October in 1975, 1976, and 1977.

Colds were defined as any symptomatic respiratory illness
lasting 2 days or longer. In addition, all colds were classified as
incoming colds (developing in summer personnel on or within 4
days of McMurdo arrival), indigenous colds (developing in winter
pesonnel within 4 days of the first arriving WINFLY flight), and

antarctic colds (developing 5 or more days after McMurdo arrival
for summer personnel or 5 or more days after the arrival of the
first WINFLY flight for winter personnel).

Colds were assessed for severity, duration, and epi-
demiologic characteristics. Using a quantitative symptom ques-
tionnaire (D'Alessio et at. 1976) a total daily symptom severity
score was obtained and cold duration was noted. Daily inci-
dence (new illness) and prevalence (total illness) curves for all
colds were plotted (figures 1 and 2). antarctic cold incidence and
period prevalence during WINFLY were calculated (table). Period
prevalence is expressed as a rate and reflects all cases that
occurred during the WINFLY period. Period prevalence was cal-
culated for winter personnel from the sum of indigenous colds
plus winter personnel antarctic colds and for summer personnel
from the sum of incoming colds plus summer personnel antarctic
colds.

The results of our study failed to show meaningful dif-
ferences in respiratory illness parameters between the winter
and the summer personnel. The two groups were similar (table)
in daily mean symptom severity scores (p = 0.51), in mean max-
imum symptom severity scores (p=O.98), and in illness dura-
tion (p =0.98). Daily incidence curves for all new colds by year
(figure 1) and for colds in winter personnel only by year (figure
2) failed to show evidence of epidemic patterns, remaining
nearly flat throughout WINFLY. The antarctic cold incidence rates
for winter and summer personnel were not significantly dif-
ferent in 1975 (x2=0.3, p>0.2) or 1977 (x2 =0.7, p>0.2). Al-
though the antarctic cold incidence rate was slightly higher for
winter personnel in 1976 (x 2 6.3, p<0. O25), the accompanying
period prevalence rates for the 1976 winter and summer person-
nel were similar (x2 =0.1, p>0.2). One would expect a lower
summer personnel antarctic cold incidence in 1976 because 33
percent of summer personnel entered McMurdo with incoming
colds (contrasted to only 8 percent of winter personnel found to
have indigenous colds) thereby eliminating these ill persons as
susceptibles and leaving them at least partially immune to rein-
fection during the remainder of WINFLY. The period prevalence
was also similar between groups in 1977 (x 2 =0.8, p>0.2) but
significantly higher in summer personnel in 1975 (x 2 = 10.35,
p<0.01), which is the reverse of what would be expected if
winter personnel had increased susceptibility.

In conclusion, the widely held assumption that isolated per-
sons become more susceptible to and develop greater severity
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Population size, severity, duration, and incidence of antarctic contracted colds and period prevalence of colds in winter personnel compared to
summer personnel during WINFLY 1975, 1976, and 1977

1975	 1976	 1977

Winter	Summer	Winter	Summer	Winter	Summer

Population size	 52	 146	64	 136	 75	 126
Mean duration in days a	8.9	 7.8	8.2	 7.8	6.8	 8.0
Median duration in days'	 7.0	 6.0	10.0	 8.0	6.0	 7.0
Mean symptom severity score (MSSS)b	 5.4	 4.8	5.7	 5.4	6.1	 7.9
Mean maximum symptom severity	 8.1	 6.7	8.3	 8.1	 8.9	10.5

score (MMSS5)b
Incidence (in percent) of	 53.8	49.3	37.5	20.6	24.0	19.0

antarctic contracted colds
Period prevalence of all colds	 55.8	79.5	45.3	43.4	26.7	32.5

a Since termination date of illness was not known for 24 percent of colds, a regression analysis with incomplete survival data was used to allow for the
censored observations.

b Symptom severity scores were obtained using a standardized symptom questionnaire described in the text. "M555" denotes mean average of all total
daily symptom scores by group. 'MM555" denotes mean average of the highest symptom score for each cold in each group.

of respiratory disease compared to persons in normal commu-
nities is not supported by our study of North American and
New Zealand men at McMurdo Station.

This research was supported by grant DPP 76-83918 from the
National Science Foundation.

References
D'Alessio, D. J . , J. A. Peterson, C. R. Dick, and E. C. Dick. 1976. Trans-

mission of experimental rhinovirus colds in volunteer married cou-

ples. Journal of Infectious Disease, 133, 28-36.
Holmes, M. J., S. E. Reed, E. J. Stott, and D. A. J. Tyrrell. 1976. Studies

of experimental rhinovirus type 2 infections in polar isolation and in
England. Journal of Hygiene, (Cambridge), 76, 379-393.

Jawetz, E., J. L. Melnick, and E. A. Adelberg. 1982. Picornavirus family.
In Review of Medical Microbiology. Los Altos: Lange.

Paul, J. H., and H. L. Freese. 1933. An epidemiological and bac-
teriological study of the "common cold" in an isolated Arctic com-
munity (Spitzbergen). American Journal of Hygiene, 17, 517-535.

234	 ANTARCTIC JOURNAL



Lower atmosphere

Tracking antarctic winds

E. J. MROZ and MOHAMMED ALE!

Los Alamos National Laboratory
University of California

Los Alamos, New Mexico 87545

For the early antarctic explorers, the often fierce winds of
Antarctica posed a real threat to life. For today's scientists the
wind is little more than an annoyance. To the meteorologist, it
presents a challenge. Where does the wind come from? Where
is it going and why? What are the implications for the weather
and climate of the region? Other disciplines share the mete-
orologists' interest. Glaciologists are unravelling the history of
climate in Antarctica recorded in layers of snow and ice. The
details of the transport mechanisms are important to under-
standing the transport of water as well as natural and man-made
gases and particles to the continent. Antarctica still has the
cleanest air on Earth. It is a unique laboratory for studying
man's impact on the atmosphere and on an important region of
the Earth.

From a meteorological perspective the antarctic continent is a
high, cold, and reflective dome. Air near the surface drains off
the antarctic dome much like water from a mountain. It is
channeled by valleys and glaciers, diverted by mountains, but it
ultimately "drains" off the continent and out over the surround-
ing ocean. During this drainage process, it is turned westward
by the Coriolis force and becomes part of the narrow band of
easterly winds that prevail along the antarctic coastal regions.
This drainage process is called katabatic flow. It occurs year
round but is stronger and more persistent in winter than in
summer (Parish 1982).

To make up for the air "lost" from the continent by the ka-
tabatic winds, there must be an equally large and continuous
supply of air to the continent. This supply comes from the
upper levels of the antarctic atmosphere (Rubin and Weyant
1963). This region is characterized by generally westerly winds.
They can be visualized as slowly spiralling poleward from about
65°S latitude and sinking toward the surface of the continent
until the air becomes part of the katabatic flow.

This over-simplified view of antarctic circulation has been
complicated by results of studies of antarctic atmospheric chem-
istry. It has become increasingly clear that there are marked
seasonal differences in the atmospheric chemistry at the South
Pole. The aerosol concentration in summer is higher than in
winter by a factor of 10 or more (Hogan and Barnard 1978). The

summer aerosol consists mainly of sulfate but also contains
significant amounts of aluminum and cosmogenic radionu-
clides (Cunningham and Zoller 1981; Maenhaut, Zoller and
Coles 1979). The presence of aluminum indicates that one
source for the summer aerosol is the weathering and suspen-
sion of exposed soils and subsequent transport poleward by the
circulation pattern described above. The presence of elevated
levels of sulfate and cosmogenic radionuclides indicates that the
stratosphere is also a source of aerosol to the surface of the
continent. Some of the sulfate may be of volcanic origin (Delmas
1982; Radke 1982). Mount Erebus is an active volcano less than
1,500 kilometers away from the South Pole. In winter the conti-
nental and stratospheric sources are much weaker. The aerosol
concentration at South Pole is reduced to just a few partcles per
cubic centimeter of air. The winter aerosol like the sumer aero-
sol consists mainly of sulfate, but the concentration of sodium
chloride is much higher in winter than in summer. This indi-
cates that sea salt is transported from the open ocean around
Antarctica to the pole. Similar seasonal effects have been ob-
served for carbon dioxide and ozone (U.S. Department of Com-
merce 1982). The influence of man can also be seen in the
presence of fluorocarbons and other antropogenic trace gases.

We started by asking where the wind comes from. Now our
question is the same, but the focus is different. What are the
relative strengths and time dependences of the continental, sea,
stratospheric, volcanic, and anthropogenic sources to the con-
tinent? What is the nature of the meridional flow from the
middle to high southern latitudes? Our approach is to release a
tracer at a time and place of our choosing to examine the merid-
ional transport of air to the continent.

Los Alamos National Laboratory has developed two at-
mospheric tracers capable of being detected at distances thou-
sands of kilometers from the point of release (Fowler and Barr in
press). The tracers, 12CD4 and 13 CD, are analogs of methane and
are called heavy methanes because they are made from car-
bon-13 and deuterium. The key to the use of these tracers at
such long ranges is the state-of-the-art mass spectrometry ca-
pability at Los Alamos. This capability allows the detection of a
few parts of tracer in 1018 parts of air.

The first release is planned for January 1984 with subsequent
releases in April and September 1984. The first two releases will
be of one tracer at about 18,000 feet altitude and at about 65°S
between New Zealand and Antarctica. The third release will be
a dual release of both tracers. One tracer will be released at the
surface while the other tracer will be released at about 18,000
feet.

Samples will be collected both on the ground and by aircraft.
Ground-level samples will be collected at Amundsen-Scott,
Palmer, and McMurdo Stations. Samples will also be collected at
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Halley Bay (United Kingdom), Dumont D'Urville (France),
Syowa (Japan), and Casey and Mawson (Australia) with the
cooperation of the personnel at these stations. The sampler
consists of a small pump that fills a plastic bag with air at a
constant rate. The bag is periodically emptied by a compressor
into a pressure vessel until the required amount of air (about 360
liters) is collected. Airborne sampling will be conducted by
piggybacking on VXE-6 LC-130 flights following the releases in
January and September 1984. These samplers will strip out any
heavy methanes that may be present in the air onto activated
charcoal at liquid nitrogen temperature. The past season
(1982-1983) was used to field-test prototype whole-air and
cryogenic samplers.

After collection, the samples will be returned to Los Alamos
for analysis. The tracer data will be interpreted in conjunction
with meteorological data to define the path taken by the tracer
from the release point to the sampling location.

Other participants in this effort include P. R. Guthals, A.
Mason, and W. Efurd. This project is supported by National
Science Foundation grant DPP 81-1562 and by the U.S. Depart-
ment of Energy. Los Alamos National Laboratory is operated by
the University of California for the U.S. Department of Energy.
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Katabatic wind in Adélie Land
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Grenoble, France

No other single phenomenon has such a strong influence on
the climate of a whole continent, as the katabatic wind has on
Antarctica. Because the reflectivity of snow is high, even during
the summer, little energy is absorbed at the snow surface, the
radiation budget is negative most of the time, and the air above
the snow is cooled. As a consequence, a thin layer of air is
steadily moving under the force of gravitation from the high
plateaus toward the periphery of Antarctica.

Although the katabatic wind has been described and studied
for many years (starting with Mawson 1915) better understand-
ing of the phenomenon has been hampered by a lack of observa-
tional data. It was possible to obtain either fixed-point data from
a manned station on a year-round basis or data from a traverse
that might have followed a "trajectory" of the wind, but the
latter ones were not collected simultaneously at different places
on the same slope.

* Deceased March 1983.

With the advance of technology in unmanned automatic
weather stations (Aws), this deficiency in data collection could be
overcome. Therefore, a joint U.S.-French experiment was de-
signed in Adélie Land, where strong downslope winds are
observed nearly continuously (Mather and Miller 1967). The
United States concentrated their measurements on the upper
slopes while the French made their measurements in the coastal
areas and telemetered their data to the year-round manned
station at Dumont d'Urville. The goals and results obtained so
far have been previously described (André et al. in press;
Gosink 1982; Poggi et al. 1982; Wendler and Kodama in press;
Wendler, Kodama, and Poggi 1982; Wendler and Poggi 1980) so
we will concentrate in this review on the work carried out
during the last year.

In the summer season of 1982-1983, a traverse with Expedi-
tion Polaries Francaises was made to service the previously
installed AWS and to establish one new station. Over-snow
vehicles were used because the area is too rough—large sastrugi
are formed by the strong winds (figure 1)—to carry out landings
with an LC-130 on an unprepared skiway. Besides the servicing
of the stations, our scientific goal was to obtain measurements
of the boundary layer during the traverse. Because our automat-
ic weather stations measure meteorological parameters at only
one height (about 3 meters above the surface) and the French
are using 20-meter towers with five levels of instrumentation,
measurements in the boundary layer were limited to the lower
levels. To extend these data, the French (Sennequier personal
communication) made measurements during January 1983 at a
fixed station (D10) near the coast, using drones and balloons,
while at the same time we moved up slope from sea level to
2,450-meter altitude, making measurements during the tra-
verse with an air-sonde system, which was carried either by kite
or by balloon.
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Figure 1. Large sastrugi are observed in Adélie Land about 200
kilometers away from the coast at an altitude of about 1,500 meters.

Of the five AWS's installed to date, the lowest one is used for
intercomparison with the French measurements, three are on
the slopes of the antarctic plateau at 1,560-, 2,130-, and 2,450-
meter altitudes, and one is located on top of Dome C (3,280
meters). Dome C is the highest point in the area and was chosen
for an ice-drilling experiment. The distance from
Dumont d'Urville is 1,080 kilometers. The area is totally flat and
the adjacent slopes are inclined on the order of 1:10 4 (Williams
personal communication). For more geographical details of the
AWS sites, see the table.

The monthly mean meteorological elements measured at D10
and Dome C in 1982 are shown in figure 2. The climatic con-
ditions at Dome C are very different when compared to D10
and the rest of the slope stations. Temperatures at Dome C are
about 45°C lower than D10 and D57 in the winter. This tern-
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Figure 2. Temperature, pressure, wind speed, and wind direction for
a coastal (Dl 0) and an inland station (Dome C) in Adélie Land. ("m/s"
denotes meters per second; "mb' denotes millibar.)

perature gradient is greater than the adiabatic lapse rate and is
related to the gravity flow (Ball 1956; Mahrt in press). The
temperature at Dome C dropped to a minimum of —84.5°C,
while at D10 temperatures below - 40°C were never observed.

Figure 2 shows that the resultant wind direction at Dome C is
fluctuating but at the coastal station it is very consistent (mean
annual wind constancy 0.9). The wind speeds at Dome C are

Geographic setting of the automatic weather stations in Adélie Land

Station	 Location	 Height	 Distance from	 Slope	 Azimuth of
(in meters)	Dumont d'Urville	 maximum upsiope

(in kilometers)

D10

	

	
66°42'S
	

240	 10
	

2 >< 10-2	 210°
139°48'E

D47

	

	
67°23'S
	

1,560
	

110
	

6 >< 10
	 210°

138°43'E
D57

	

	
68°1 l's
	

2,103
	

210
	

6 x 10
	 210°

137°32'E
D80

	

	
70°01 'S
	

2,450
	

440
	

1 x 10
	

210°
134°43'E

Dome C	 74°30'S
	

3,280
	

1,080
123000'E

a Dome C, the highest point in the region, is flat; the adjacent slopes are inclined on the order of 1:10
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Figure 3. Profile measurements of temperature, wind speed, and wind direction through the boundary layer. These data were obtained with an
air-sonde system and recorded on Hewlett-Packard equipment. ("m" denotes meter; "cal cm- 2 " denotes calories per square centimeter; "m/s! '

denotes meters per second.)

extremely low relative to other stations, showing no seasonal
variations.

Our boundary measurements obtained vertical profiles of
dry-bulb and wet-bulb temperatures, atmospheric pressure,
wind speed, and direction. These are being used to understand
better the physical structure of the katabatic wind layer. An
example is given in figure 3, which shows the results of two
soundings at D57 on 20 January 1983. The temperature profile
during the evening (1745 local standard time) shows lapse con-
ditions below the height of 200 meters, and a small inversion,
which might be a remnant from the previous day, can be seen at
about 280 meters. Wind 'speed profiles for the same sounding
do not show any distinctive maximum in the boundary layer.
Near midnight (2340) the inversion is fully developed in the
lowest 150 meters, and a distinctive maximum wind speed
appears at the same height. Wind direction changes in the
inversion layer are counterclockwise and are almost constant in
the layer above. The radiation budget was measured between
these two soundings, and it was -31 calories per square cen-
timeter for this period; 19 calories per square centimeter were
needed to cool the air in the lowest 300 meters from early
evening to midnight. Hence, the radiatidn budget can easily
explain the developing of the strong surface inversion during
the night in the summer.

This diurnal cycle in establishing and destroying of the sur-
face inversion also explains the corresponding strong diurnal
cycle in wind speed, which is observed in the coastal areas
during the summer, showing a minimum in the early afternoon
(Wendler and Kodama in press).

This study was supported by National Science Foundation
grant DPP 81-00161. Our thanks go to many individuals of the
U.S. Antarctic Research Program as well as Expeditions Polaires

Francaises (Vaugelade and R. Guillard), and to C. Weller for his
valuable comments. Our special thanks go to the other mem-
bers of the traverse team, whose helpfulness and dedication
made this work not only possible but very delightful. They are:
C. Busicchia, P. Laffont, B. Piccot, M. Pourchet, M. Savage, D.
Simon, and J. Wiget.
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Numerical simulation of katabatic flow

THOMAS R. PARISH

Department of Atmospheric Science
University of Wyoming

Laramie, Wyoming 82071

Katabatic flow over the antarctic continent is forced primarily
by the strong radiational cooling of the lowest layer of air adja-
cent to the sloping ice terrain. This is shown by the extremely
high wind constancy values (see table) and well established
relationships of mean yearly resultant wind direction and/or
sastrugi orientation with the fall line of the terrain. Nev-
ertheless, significant variation in the-time-averaged intensity of
katabatic flow along the coastal perimeter has been observed.
As seen in the table, katabatic winds are approximately 75
percent stronger at Cape Denison and Port Martin than at other
similarly situated coastal stations fully exposed to winds off the
ice cap. These facts suggest that to interpret the katabatic signal
properly, a clear understanding of the dynamics and ther-
modynamics of the atmosphere in the lowest few hundred
meters over the coastal and interior ice slopes is essential.

To gain insight into the forcing of katabatic winds, a three-
dimensional numerical model was developed and several
model experiments were performed. The model was patterned
after Anthes and Warner (1978); a discussion of the two-dimen-
sional version is found in Parish (1983). The model consists of
four prognostic equations (both u and v horizontal motion com-
ponent equations, the continuity equation, and the ther-
modynamic equation) and is written in terrain-following sigma
coordinates to allow for non-uniform ice topographic features.
Physical processes such as radiative cooling, turbulent heat
transfer, and frictional dissipation are simulated by standard
bouhdary layer parameterization schemes (Parish 1983). The
model has 10 vertical levels with the highest resolution near the
surface. A section of an idealized ice terrain profile, closely

representative of the ice topography upslope from the station
Mirnyy, is used in the numerical experiments. The model ter-
rain stretches about 400 kilometers along the coast and extends
some 350 kilometers into the interior. Thus, model experiments
can evaluate the significance of physical processes in the inte-
rior of the ice terrain on coastal katabatic winds.

To isolate terrain influences, the numerical experiments were
initialized about a basic state of no motion. The temperature
sounding at the beginning of the model integration period was
assumed to be isothermal. Such conditions are frequently ob-
served in the lower antarctic atmosphere, especially near the
coast, when mixing processes break down the inversion struc-
ture. Model results suggest katabatic winds develop rapidly
due to the strong radiative loss at the surface. By 10 hours, a
well-defined katabatic wind structure has formed. The simula-
tions yield qualitatively accurate representations of observed
wind and temperature profiles. Figure 1 shows the profile struc-
tures which have evolved over the 10-hour integration period
for points near the coast and in the interior of the model ice
continent. The wind profile in each case shows the charac-
teristic low-level wind maximum with the coastal site display-
ing stronger katabatic winds. Also, temperature profiles in fig-
ure 1 show reasonable inversion structures with the stronger
inversion of 17°C over the interior site. These results suggest the
model is able to simulate some of the gross features of katabatic
flow with some fidelity.

Parish (1981) has proposed that the Cape Denison/Port Martin
wind phenomenon is a result of a large concentration of drain-
age currents upslope of Adélie Land. The convergence of cold
air provides a large reservoir of negatively buoyant air from
which the coastal katabatic flow can feed. The time-averaged
map of Parish (1982) reveals the strong confluence pattern. As a
test of this hypothesis, lateral variations in the model ice terrain,
representative of those found south of Adélie Land coast, have
been introduced (see ice contours in figure 2). These surface
irregularities disrupt the uniform drainage pattern, resulting in
a convergence of cold air east of the ridges. The katabatic flow
regime which has evolved over the 10-hour integration shows
marked horizontal contrast. Figure 2 depicts the katabatic flow
streamlines and wind speeds at about 50 meters above ground.

Mean yearly resultant wind (in meters per second) statistics for stations in the interior and coastal regions of Antarctica

Resultant
Stations	 ION	 wind

Interior Stations
Pionerskaya (69.70S 95.50E)	 9.3,131°
Charcot (69.40S 139.0°E)	 8.6,163'
Vostok (78.5 0S 106.90E)	 16

	
4.1,243'

Amundsen-Scott (90.0'S)	 16
	

4.6,039°
Byrd (80.0'S 120.0°W)	 14	 6.6,013'

Coastal Stations
Cape Denison (67.9 0S 142.70E)	 2

	
19.0,161'

Port Martin (66.8 0S 141.40E)	 2
	

16.9,146'
Mawson (67.60S 62.90E)	 15	 9.8,130'
Mirnyy (66.6 0S 93.0'E)	 17	 9.7,127'
Molodezhnaya (67.70S 45.90E)

	
11
	

8.4,126'

a "N" refers to the length of the data record in years.
The deviation angle is the angle between resultant wind and fall line of the ice terrain.
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Figure 1. Vertical profiles of wind and temperature after 10-hour model integration period for interior (a) and coastal (b) regions of model terrain.
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Figure 2. Streamline pattern (a) and katabatic wind speeds(b)after 10-hour model integration period for 50-meter level aboveground. Ice terrain
height contours are denoted by thin solid lines. ("Km" denotes kilometer.)

	Notice the strong convergence of streamlines (block A of figure	cluded. These experiments yield qualitatively similar results.

	

2); this zone is characterized by significantly colder tern-	The inference from such numerical studies is that the cold air

	

peratures because of the collection of drainage currents. Ka-	drainage pattern in the interior of Antarctica is a key ingredient

	

tabatic wind speeds (block B of figure 2) show the importance of	forcing strong, persistent katabatic flow at the coast. Given an

	

the large cold air supply. Magnitudes of katabatic flow along the	unlimited cold-air supply pool upsiope, all coastal regions

	

coast exceed 20 meters per second downslope of the con-	would perhaps experience conditions similar to those along

	

vergence zone but as little as 9 meters per second away from the	Adélie coast.

	

influence of large cold air reservoirs. Similar experiments have	This work was supported in part by National Science Founda-

	

been conducted in which upper-level synoptic forcing is in-	tion grant DPP 81-15976.
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Air-sea interactions over the Ross Sea
in the surface boundary layer

V. K. SAXENA and T. B. CURTIN

Department of Marine, Earth and Atmospheric Sciences
North Carolina State University
Raleigh, North Carolina 27650

Previous studies have demonstrated (Saxena 1981; 1982;
1983) that organic particulates are present in the antarctic coast-
al clouds over the Ross Ice Shelf. During the period from De-
cember 1982 to January 1983, our investigations were extended
to test our hypothesis regarding the origin of these organic
particulates. It is currently believed that organic particulates are
produced by the wave action at the surface of the Ross Sea off
the annual ice edge. Advection coupled with localized updraft
is responsible for ingesting these particulates into the coastal
clouds. Processes leading to the transfer of organic material
from the ocean to the atmosphere are already documented
(Blanchard and Syzdek 1972, 1974). Experiments over the At-
lantic coast have shown (Baier et al. 1974; Gershey 1983) the
abundance of organic material in sea-surface films and bubble-
generated aerosols.

The field team was deployed for about 3 weeks from 18
December 1982 through 11 January 1983. A cloud water collec-
tion probe (cwcp) was used aboard the LC-130 aircraft for pen-
etrating low lying stratus clouds. The procedure for collecting
the cloud water has already been described (Saxena 1983). Pre-
cipitation samples were also collected at the McMurdo Station.
Using the Coast Guard floatable helicopters, a portable buoy
was deployed over the exposed Ross Sea water off the annual ice
edge. Figure 1 shows the design of the buoy on which is
mounted a submicroscopic particulate sampling assembly (SPSA
in a sealed box. It is equipped with a time delay circuit so that

SPSA comes on 10 minutes after the helicopter has left the
deployment location. This precludes sampling of aerosol parti-
cles generated by the helicopter wake effects. A Niskin bottle is
attached to the buoy, which is 1 meter in diameter, to collect the
sea water samples simultaneously. For safety reasons, two heli-
copters were involved in the operations.

The experimental run started at 0830 New Zealand Standard
Time (NzsT) on a fair weather day, and the buoy was loaded on
one of the helicopters equipped with a sling. An SPSA unit was
placed on board the other helicopter which also carried a copper
sampling tube (2.54 centimeters, inside diameter) attached to its

side and projected sufficiently forward of its nose by a precalcu-
lated length to avoid sampling within the helicopter boundary
layer. Under the surveillance of the Coast Guard radar aboard
the icebreaker, helicopters were ordered to proceed to a pre-
determined site over the exposed sea water. On its way to the
experimental site, one of the helicopters collected Nucleopore
filter samples. Upon arrival at the site, the helicopter with the
buoy hovered to about 3 meters above the sea surface and
deployed the buoy while the other helicopter kept a vigil. After
deployment, the helicopters proceeded to Marble Point for re-
fueling. On our way back, the buoy was retrieved using the
radar tracking facility aboard the icebreaker and a Nucleopore
filter sample was taken. In the second to last mission, one of the
helicopters developed engine trouble at Marble Point, and the
mission was completed with one helicopter alone.

Cloud water samples were collected on 27 December and 31
December 1982 when the low-level clouds moved over the Ross
Ice Shelf. Satellite imagery was used to pick an experimental site

AIR/ WATER SAMPLING BUOY (PORTABLE)

DEPLOYMENT/ RETRIEVAL
RING

AIR SAMPLE INTAKE

STROBE LIGHT

RIGID TRIPOD

ROWER SUPPLY/CONTROLLER
AIR FILTER ASSEMBLY
SEALED UNIT

TOROIDAL BUOYANCY
ELEMENT (INFLATABLE)

RIGID BRIDLE

NISKIN BOTTLE

BALLAST WEIGHT RING

3ALLAST WEIGHT/
WC CA1.0rc

Figure 1. A portable buoy that was deployed by the Coast Guard
helicopters for sampling at the air-sea interface.

1983 REVIEW	 241



and LC-130 aircraft was flown for a total of 10 hours for collect-
ing the cloud water using cwcP.

Analysis of the collected cloud water, precipitation, sea water,
and particulate samples is underway. The former three will be
analyzed for their pH content, salinity, cation and anion con-
centrations, organic material content, dry residue morphology
and elemental composition. Particulate samples on Nucleopore
filters will be analyzed to produce particle morphology, aerosol
concentration and size distribution (since the sample volume is
known), elemental composition, and organic particle identifica-
tion. Concentration of ice forming nuclei on the filters will be
measured using subfreezing thermal diffusion chamber and the
drop freezing technique.

The collected samples provide an unusual and unique oppor-
tunity to study the air-sea interactions using organic material
and elemental composition as tracers. Examples of the analysis
are shown in figures 2 and 3. Figure 2 (block a) shows the
morphological features of aerosol particles collected at 150
meters above ground level on 9 January 1983 during an experi-

Figure 2. (a) Electron micrographs of aerosol particles collected at
150 meters above ground level over the Ross Ice Shelf on 9 January
1983. (b) X-ray energy spectrum of three selected particles. ("1im"
denotes micrometers.)

mental run from McMurdo Station to the ice edge. Obviously,
aerosol particles ranging between 5-7 micrometers in diameter
are present in unexpected numbers. The X-ray energy spectrum
of three selected particles shown in figure 2 (block b) indicates
that two out of three particles have abundant potassium—a
characteristic of organic material such as phytoplankton. Elec-
tron micrographs of the cloud water residue collected on 27
December 1982 are shown in figure 3 (block a). The residue was
then washed with distilled water and dried, the morphology of
which is shown in figure 3 (block b). The X-ray energy scan of
the dry residue shows that sodium, silicon, chlorine, po-
tassium, and calcium are present in the sample. The last two
elements are again characteristics of organic material. Evidence
therefore exists that antarctic macroscopic meteorology is influ-
enced by the microlayer oceanography.

The work was supported by the Division of Polar Programs,
National Science Foundation grant DPP 79-22058. Assistance of

!01

Figure 3. (a) Dry residue morphology and X-ray energy spectrum of
the cloud water sample collected at the air-sea Interface on 27
December 1982. (b) Electron micrographs of the Insoluble residue of
the cloud water sample. ("rim" denotes micrometer.)
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Farn Parungo, National Oceanic and Atmospheric Administra-
tion, Boulder, Colorado in analyzing the samples is gratefully
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Antarctic hydroxyl radical
measurements

JOHN C. SHEPPARD, RICHARD J. HARDY and J. FRED HOPPER

Department of Chemical Engineering
Washington State University

Pullman, Washington 99164-2710

This research was directed toward determination of the hy-
droxyl radical concentration in the mid-January, lower-tro-
pospheric antarctic air. Current thought is that the hydroxyl
radical plays a central role in the Earth's atmospheric pho-
tochemistry as an oxidant of trace gases, including carbon mon-
oxide (CO), methane (CH,), and methyl chloroform (CH3CC13).
Campbell (1980) has shown that lifetimes of these trace gases are
shortest in the equatorial latitudes and longest near the poles
because of their inverse dependence on the tropospheric hy-
droxyl radical concentration. Thus, most of the photochemical
oxidation in the Earth's atmosphere occurs between the Tropics
of Cancer and Capricorn (22°N to 22°S). Measurement of hydro-
xyl radical concentrations at various latitudes would test this
hypothesis.

During the 1981-1982 austral summer research season, this
Washington State University group (Hopper and Hardy) per-
formed hydroxyl radical measurements at the McMurdo and
South Pole Stations. The carbon-14 tracer method (Campbell,
Sheppard, and Au 1979) used in these measurements involves
the injection of high purity carbon-14 labelled carbon monoxide
("CO) into a 100 liter ultraviolet-transparent teflon reaction
vessel, followed by rapid removal of small aliquots (3 to 14 liters)
at reaction times ranging between 20 and 90 seconds. During
this reaction time, a small fraction of the 14C0 is pho-
tochemically oxidized to ' 4CO2 by the hydroxyl radical. Samples
containing 14CO2 were returned to the Washington State Uni-
versity radiocarbon dating laboratory for additional purification
and were counted in low-level methane proportional counting
tubes to determine their 14CO2 contents. Plots of the fraction of
14C0 converted to 14CO2 as a function of time yield slopes that
are proportional to the hydroxyl radical concentrations. Be-
cause of low-level 14C contamination in some of the collection
tubes, it was necessary to treat the remaining data from the four
McMurdo Station experiments, conducted under nearly identi-
cal reaction conditions, in a single time-average regression anal-
ysis. The important reaction conditions-ozone, water vapor,
temperature, and ultraviolet intensity-were determined in
parallel with each hydroxyl radical measurement. The supple-
mentary data, [03, H20, temperature, and J(O'D), the pho-
toproduction rate of metastable oxygen] and the results of four

Table 1. Supplemental data for antarctic hydroxyl radical experiments

Measurement	 Temperature	 H20
	

03 (in parts	 J (OD)
(°C)
	

(torr)	 per billion)
	 (10-6 sec 1)

McMurdo
MCM-1	 -0.6

	
2.9	 1.0

MCM-2	 -4.0
	

2.2	 0.98
MCM-3	 -3.0

	
2.4	 0.78

MCM-4	 -3.0
	

2.4	 0.98
Average MCM	 -2.6 ± 2.3

	
2.5 ± 0.5
	

8.9 ± 0.3
	

0.92 ± 0.18
South Pole	 _30.4a	 0.32a	 7. la	 0.51 ± 0.1

POL-2,3,4

Personal communication, R. G. Williscroft, Station Chief, National Oceanic and Atmospheric Administration/Global Monitoring for Climate Change.
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0
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1.5 >< 10
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0.12 x 10
0.44 x 10
2.8 >'. 106
4.4 x 10
5.2 >< 106
9.4 >: 106

<4 x 10

0.9 x 10 to
5.4 x 10
5.4 ± 1.6 x 106

12.5 ± 7.6 )< 106

McMurdo
(combined
regression)

South Pole

Pullman, WA'
(Average, 6 runs)

Ragged Pointc
Barbados
(Average, 6 runs)

McMurdo Station and three South Pole Station hydroxyl radical
measurements are summarized in tables 1 and 2 respectively.

Measurements were conducted upwind of local sources of
hydrocarbons, CO and NO, (aircraft and vehicular traffic), that
could potentially alter the on-going atmospheric photochemis-
try and the hydroxyl radical concentrations. McMurdo Station
experiments were carried out at a site just upwind (east) of the
Radio Transmitter Station between 10 and 12 January 1982.
Atmospheric conditions varied from clear to high thin cirrus
clouds with winds gusting between 10 and 15 knots. South Pole
Station experiments were conducted at a site due west of the
Clean Air Facility along the boundary of the Clean Air Quadrant
on 20 January 1982. The sky was clear and the wind speed was
about 4 knots.

Analysis of the data obtained from these hydroxyl radical
experiments produced three findings. (1) The background
14CO2 signal of the apparatus was equivalent to 2.5 >< 10 hydro-
xyl radicals per cubic centimeter. (2) The average hydroxyl radi-
cal concentration of midday, mid-January tropospheric air at
McMurdo Station was less than 4.0 >< 10 1 per cubic centimeter,
the upper limit value a result of 14C contamination in the collec-
tion system. (3) At the South Pole the measured hydroxyl radi-
cal concentration was between 0.9 x 101 and 5.4 x 10, with an
average of 3.2 x 10 1 for three determinations. Low-level 14C

contamination was also responsible for the spread in the South
Pole data.

Using a simple steady-state model, the data in table 1,
Rasmussen, Khalil, and Dalluge's (1980) antarctic CO, and the
probable range of nitrogen oxide (NO,) concentrations, hydrox-
yl radical concentrations were calculated for each of the re-
ported measurement sites. Table 2 contains these estimated and

measured hydroxyl radical concentrations; and for comparison,
values measured at Pullman, Washington and Barbados Islands
of the Caribbean region are included.

The calculated and measured hydroxyl radical concentrations
at the antarctic sites are in reasonable agreement in view of the
large uncertainties in both the model calculations and in the
measurement of very low radical concentrations near the detec-
tion limit of a partially contaminated apparatus. Taken as a
whole, these measurements suggest that the summertime,
midday hydroxyl radical concentrations in antarctic tro-
pospheric air are certainly below 5 x 10 1 per cubic centimeter,
probably lower. With uncontaminated equipment, we believe
that this measurement method can easily detect hydroxyl radi-
cal concentrations below 105 per cubic centimeter, and possibly
as low as 3 x 10g . The latter would require extreme precautions
to avoid all forms of 14C contamination.

Comparison of the McMurdo Station and South Pole Station
data with previous measurements made in Pullman, Wash-
ington, and the Caribbean Island of Barbados shows that the
hydroxyl radical concentration does appear to be highest in the
tropics, lowest in the antarctic polar region, and intermediate in
the midlatitudes. Obviously many more measurements must
be made to outline clearly the distribution of hydroxyl radical
concentrations in the Earth's atmosphere. Thus, additional
measurements of hydroxyl radical concentrations in antarctic
air are also desirable.

This research was supported by National Science Foundation
grant DPP 82-20827. We wish to thank Elmer Robinson and
Malcolm J. Campbell for their invaluable advice and Yvonne
Welter and Karl Huston who assisted at various stages of this
project.

Table 2. Measured and calculated hydroxyl radical concentrations

Measurement	 Latitude	Measured 	 Calculated 	 [NO,] Assumed in

site	 [OH] (in cubic	 [OH] (in cubic	 calculation (in parts
centimeters)	 centimeters)	 per thousand)

a All measurements made under midday, clear sky, summertime conditions.
Supplemental data in table 1 used in these calculations.
These data taken from Campbell and Sheppard (in preparation).
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Antarctic automatic weather stations,
austral summer 1982-1983

CHARLES R. STEARNS and GEORGE WEIDNER

Department of Meteorology
University of Wisconsin

Madison, Wisconsin 53706

Automatic weather stations (Aws) measuring wind speed and
direction, air temperature and pressure are deployed on the
antarctic continent as shown in figures 1 and 2. The locations
and period of record are given in table 1. The computer-based
AWS units telemeter the data to polar-orbiting satellites
equipped with the Argos data collection system (Savage,
Stearns, and Teague 1981; Stearns 1982; Stearns and Savage
1981).

Spin

Fossil BI

Figure 1. Antarctic continent showing the sites for the AWS units as
of January 1983 (except for those in the McMurdo Station vicinity).
The actual locations and periods of record are given in table 1. D-1 0
Is about 10 kilometers south of Dumónt d'Urviiie. ("GMT" denotes
Greenwich mean time.)

wind study by G. Wendler of the University of Alaska. Michael
Savage went on the traverse to install and calibrate the AWS

units.
The AWS sites in the McMurdo area are shown in figure 2. The

AWS unit previously at Mount Oliver, Asgard Mountains in
support of E. I. Friedmann's biology project was removed, con-
verted from 6-volt direct-current to 12-volt direct-current
power, and installed just east of White Island on the Ross Ice
Shelf at Nancy Site. Other AWS units in figure 2 were serviced,
and Jimmy Site was moved from Starr Glacier near McMurdo
Station to Bucky Wilson's site at Windless Bight. The remaining
sites were visited for servicing. Assistance during January 1983
was provided by Hugh Slotten.

The AWS units around McMurdo Station are used for mete-
orological support of the air operations and as a mesoscale
network to determine wind velocity divergence and thus the
vertical motion at a height of 3 meters.

Sites on the Ross Ice Shelf such as Meeley and Ferrell are
difficult to locate. Beacon transmitters operating on the heli-
copter automatic direction finder (ADF) frequencies and
powered by solar panels were installed at Laurie, Nancy, Ferrell,
and Meeley sites. The beacons could be detected at a distance of
10 nautical miles by the helicopters. It is hoped that the beacon
transmitters will reduce the helicopter flying time previously
required to search for the AWS sites.

Snow accumulation data for the sites as determined from
photographs of the AWS tower are: Laurie, December 1982 to
January 1983, 38 centimeters; Manning, November 1980 to De-
cember 1981, 64 centimeters, and December 1981 to January
1983, 37 centimeters; Ferrell, December 1981 to January 1983,
110 centimeters. The 2-year accumulation for Manning and
Ferrell of 101 centimeters and 110 centimeters respectively are
in good agreement as are the 1-year accumulations for Laurie
and Manning of 38 centimeters and 37 centimeters,
respectively.
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The purpose of the AWS units in the vicinity of the Antarctic
Peninsula is to study the flow of stable air from the east which is
blocked by the barrier formed by the Antarctic Peninsula. The
resulting thermal wind vector turns the air flow toward the
north. The northward flow occasionally carries ice from the
Weddell Sea into the south Atlantic which reduces sea surface
temperatures by more than 3°C at 50°S 45°E (van Loon 1972).

One AWS unit was deployed to the ice rise site on the Larsen
Ice Shelf in austral summer 1982-1983 by the British Antarctic
Survey in support of research on the barrier wind flow along the
Antarctic Peninsula.

An overland traverse was made by Expeditions Polaires Fran-
caises from Dumont d'Urville to D-80 in support of a katabatic

8.74/@11rnY \\
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Figure 2. AWS sites in the McMurdo Station area as of January 1983.
The mean pressure used in the station data is for March 1982.
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Antarctic automatic weather station (Aws) as of austral summer 1982-1983

AWS
identification

Site	 number

McMurdo area 
Manning	 8905
Marble Point	 8906
Ferrell	 8907
Nancy	 8908
Laurie	 8910

8911
Jimmy	 8911

8918
Whitlock	 8913
Meeley	 8915
Asgard	 8908

Other AWS sites
Byrd	 8903
Dome C	 8904
Siple	 8909

Antarctic Peninsula area
Ice Rise	 8912
Spine	 8919
Fossil B
Butler I

Dumont d'Urville area
D-80	 8900
D-10	 8901
D-47	 8914
D-57	 8916

Proposed deployment austral summer 1983-1984
Byrd Glacier
Terra Nova Bay
Ross Ice Shelf

Elevation
Location	 (in meters)

	 Starta	 Stop"

78.76S 166.85 E
	

74
	

25/11/80
77.44S 163.74 E
	

121
	

5/2/80
78.03S 170.79 E
	

44
	

10/12/80
77.90S 168.07 E
	

25
	

17/1/83
77.56S 170.09 E
	

25
	

15/12/81
	

18/4/82

	

23/1/83
	

23/3/83
77.80 5 166.71 E
	

202
	

7/12/81
	

20/7/82

	

24/10/82
	

5/1/82
77.75 5 167.67 E
	

39
	

9/2/83
	

21/3/83
76.14S 168.40E
	

275
	

23/1/82
78.50S 170.14E
	

49
	

4/12/80
77.60S 161.15E
	

1,580
	

1/2/80
	

6/1/83

80.00 S 120.00W
	

1,530
	

5/2/80
74.50 S 123.00 E
	

3,280
	

4/2/80
	

31/1/83
75-90S 84.30 W
	

900
	

1/1/82

66.90S 60.60 W
	

50
	

7/2/83
67.60S 66.00 W
	

1,540
	

9/3/80
	

20/3/83
71.33S 68.37W
	

Planned
70.02S 60.35 W
	

Planned

70.02 5 134.70 E
	

2,500
	

14/1/83
66.67 S 139.80 E
	

240
	

1/1/83
67.40 S 138.70 E
	

1,560
	

24/1/83
68.20 S 137.52 E
	

2,103
	

16/1/82

80.2S 163E
75.2S 163E
78.4S 175W

8 Day/month/year.
b McMurdo area locations were revised from survey and satellite, 28 June 1983. Height was determined by barometry-error ± 5 meters, 28 June 1983.

Wind speed and direction, air temperature and pressure for
15 March 1982 are shown in figure 2. The convergence of the
wind direction and the contrasting air temperatures across the
convergence zone were associated with warmer air which ap-
parently moved into the area from the relatively open ocean
northeast of Ross Island. Similar abrupt temperature decreases
of 10°C to 15°C were experienced by the earlier explorers who
reported a need to don more clothing (Simpson 1919). The AWS

data were sufficient to show that the temperature changes oc-
curred within a 10-minute period.

This work is supported by National Science Foundation grant
DPP 79-25040. Members of the Radio Science Laboratory under
the direction of Alan Peterson (Stanford University) designed,
developed, and initially deployed the AWS units. Chris Bales of
the British Antarctic Survey is deploying the AWS units around
the Antarctic Peninsula. Expeditions Polaires Francaises con-
ducted the traverse from Dumont d'Urville to D-80 under the
leadership of Pierre Laffont. The VXE-6 helicopter pilots and
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crew were determined to find the AWS units, which are difficult
to locate, on the Ross Ice Shelf and their efforts were successful.
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Meteorological and aerosol
experiments in Antarctica

A. W. HOGAN

Atmospheric Sciences Research Center
State University of New York at Albany

Albany, New York 12222

B. MURPHEY

Atmospheric Sciences Research Center
State University of New York at Albany

and
Georgia institute of Technology

Atlanta, Georgia 30332

K. KEBSCHULL and R. TOWNSEND

Atmospheric Sciences Research Center
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Albany, New York 12222

Research programs were conducted at both South Pole and
McMurdo Station during austral summer 1982-1983. The study
of winter meteorological phenomena at McMurdo continues
through austral winter 1983 under the leadership of B.

Murphey at McMurdo Station.
Hogan, Murphey, Kebschull and Townsend departed the

continental United States 27 December 1982, and arrived at

McMurdo 31 December 1982. Hogan and Murphey examined
and recalibrated the aerosol and ozone instrumentation which
had been installed in the cosmic ray observatory during 1981.
Excellent records of surface ozone and aerosol concentration
had been collected at the cosmic ray laboratory during the
previous winter. Kebschull and Townsend departed for South
Pole Station, to begin a study of the structure of near surface air
over the polar plateau using slow rising meteorological balloons
and to examine the transport of aerosol material to the polar
surface from these layers. Hogan and Murphey joined them
there for intensive experiments through 15 January 1983.

Kebschull and Townsend continued balloon soundings and
aerosol measurements at South Pole Station through 28 January
1983, while Hogan and Murphey returned to McMurdo Station
to prepare additional aerosol instrumentation for Murphey's
wintering program.

Analysis of ozone records obtained at the cosmic ray laborato-
ry indicate that stratosphere-troposphere air exchange is fre-
quent, in the McMurdo area during spring and early summer. A
similar 10-year study of surface ozone at South Pole Station by
Oltmann and Komyhr (1976) found little evidence of such ex-
change reaching the surface levels on the polar plateau. A mete-
orological analysis of atmospheric structure and circulation ac-
companying these increases in surface ozone concentration
continues.

The slow-rise balloon soundings at South Pole Station al-
lowed us to define the meteorological conditions accompanying
aerosol advection to the surface of the polar plateau. During the
period 7-14 January 1983, first warm moist air from the Weddell
Sea area and then cold dry subsident air from the interior of
Antarctica was advected over South Pole Station. The cloud-
iness associated with the moist air reduced the amount of out-
going terrestrial radiation, and this (combined with an increase
in above-surface wind velocity) caused the persistent near-sur-

AMUNDSEN-SCOTT SOUTH POLE STATION

MONTHLY MEAN AEROSOL CONCENTRATION

Monthly mean aerosol concentrations observed at the surface at South Pole Station as analyzed by J. Samson.
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face temperature inversion over South Pole Station to break on
10 January 1983. Aerosol concentrations increased by more than
a tenfold factor, while ozone concentrations halved, accom-
panying this inversion break. The inversion reformed on 11
January, and surface aerosol and ozone concentrations returned
to pre-event levels. Analysis of collected aerosol specimens, by
microscopy and electron microscopy continues.

The meteorological conditions experienced on the polar
plateau were "unusual" during January 1983. Most frequently,
the short austral summer at South Pole Station is characterized
by nearly clear skies and suspended ice crystals which produce
spectacular optical effects. January 1983 was a month of cloudy
skies, with these clouds most frequently being alto stratus and
even alto cumulus, made of supercooled water drops, rather
than the more usual cirro stratus made up of small ice crystals.
Supercooled water fog at a temperature of - 33°C occurred on 1
day as well.

Additionally, the sky in general had a markedly different
appearance, with a bright aureole about the sun and much hazy
scatter of light through the arc of 90 degrees about the sun.
Although some of this light scattering and sky brightening may
have been due to volcanic material in the upper layers, much of
the effect seems to have been caused by asymetric plate-type ice
crystals in the lower atmosphere which were frequently found
in replicas collected by Kebschull and Townsend.

Situation reports and teletype messages from B. Murphey
indicate that aerosol collections and measurements are proceed-
ing at McMurdo Station and that frequent storms have provided
interesting and challenging conditions during fall and early
winter.

In addition to this year's field work, a doctoral thesis, based
on field work at McMurdo and South Pole Stations in 1980-1982
austral summers has been completed by R. Henry. A master's
thesis based on aerosol observations at South Pole Station in
1981 was completed by J. Samson. (The figure is reproduced
from this thesis.)

This work was supported by National Science Foundation
grants DPP 79-05987 and DPP 81-15231. We offer special thanks to
W. Merrifield and R. Mulkern for their assistance at the cosmic
ray laboratory; to the McMurdo meteorological detachment, the
meteorological office at South Pole Station; and to National
Oceanic and Atmospheric Administration-Geophysical
Monitoring for Climate Change for many years of enjoyable
cooperation.
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Studies of atmospheric energy
transfer processes at the South Pole

JOHN J. CARROLL

Department of Land, Air and Water Resources
University of California
Davis, California 95616

Using data we collected during the period of 1975 through
1977 and that collected by the Weather Service and other experi-
menters, we are continuing our studies of the conditions and
mechanisms that affect the transfer of radiant and thermal ener-
gy near the surface at the South Pole. The overall energy budget
has been described previously (Carroll 1982a) as have surface
reflection effects (Caroll 1982b; Carroll and Fitch 1981). The
major focus of the current work is to describe the statistical
distribution of variations in the local meteorological conditions
and to examine these in terms of the fluid dynamical response
of the atmospheric boundary layer to large-scale as well as local
forcing.

An example of the type of behavior we are examining is
shown in figure 1, a plot of the departure of air temperature
from its seasonal average versus the departure of the wind
speed from its average for the austral winter of 1975. It is quite
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Figure 1. Scatter plot of the deviation of air temperature from its
winter 1975 mean value (temperature = -60.8°C) versus the devia-
tion in wind speed from its winter 1975 mean (3.4 meters per
second).
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factors at work as well. For example, figure 2 shows the winter
wind rose (a) and two temperature event roses (b, c) that graph-
ically give the observed frequency of wind speeds and of tem-
perature deviations from their winter averages. What these
clearly show is that the warmer conditions nearly always are
associated with wind from the northern quadrant, while the
cooler periods are nearly always winter winds from the eastern
quadrant. While it is also true that wind speeds are strongest
when the wind is from the north and the mixing hypothesis
could still be valid, the evidence supports an advection hypoth-
esis equally well. That is, that the air to the east of the station is
always colder than the air to the north.

Because we have no data in either of those two directions
within distances useful for resolving the problem, we must
examine the mechanisms that would operate under the first
hypothesis to evaluate its viability and leave the validity of the
advection hypothesis to be judged by default. We are pursuing
this latter effort through careful analysis of turbulence data
obtained in 1977 and through the use of an evolving numerical
model of the atmospheric boundary layer, the prototype of
which was described in Carroll and Fitzjarrald (1979). Prelim-
inary results indicate that the response of the boundary layer to
changes in large-scale forcing can produce sufficient downmix-
ing to explain the temperature data, suggesting that the first
hypothesis is the correct one.

This work is supported in part by National Science Founda-
tion grant DPP 81-16747 and by the California Agricultural Ex-
periment Station.
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Figure 2. (a) Wind rose for the South Pole for the winters of 1975,
1976, and 1977. (b) Event rose for the air temperature in excess of
winter seasonal means for same 3 years. (c) Same as (b) for air
temperatures below the seasonal means. ("OBS" denotes observa-
tions; "TAVG" denotes average temperature; "MI'S" denotes meters
per second.)

clear from this figure that in winter the air temperature near the
surface is strongly dependent on the wind speed, that is, the
coldest conditions are almost always associated with light
winds while the majority of warm conditions are associated
with above-average wind speeds. While one might be tempted
to draw the conclusion that high wind speeds imply enhanced
vertical mixing of warmer air from above, there may be other
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CHCIF2 (F-22)
s (90°S)
PNW (45°N)
Global

C2C13 F3 (F-113)
SP (90S)
PNW (45°N)
Global

SF,
SP (90°S)
PNW (45°N)
Global

CHCI3
SP (90°S)
PNW (45°N)
Global

CH3I
si' (90°S)
PNW (45°N)
Global

12.2
15.8
14.0

0.36
0.50
0.43

C (1979-1983)

16 ± 2
45 ± 5
26

0.6
1.2

11.2 ± 2.3
11.7 ± 2.6
11.4 ± 2.4

12,9 ± 2.6
8.6 ± 2.3

10.5 ± 2.4

Co (pptv)	(in percent
1979	per year)

40.2	12.0 ± 0.9
52.4	10.1 ± 1.3
46.3	10.9 ± 3.2

Rare trace gases at the South Pole

R. A. RASMUSSEN and M. A. K. KHALIL

Department of Environmental Science
Oregon Graduate Center
Beaverton, Oregon 97006

The growth of population and industry has led to the ac-
cumulation of dozens of exotic gases in the Earth's atmosphere.
All are present in extremely small quantities, each at con-
centrations less than a few tenths of parts per billion. Most of
these compounds have long atmospheric lifetimes, ranging
from a decade to perhaps centuries or more, thus creating the
potential for continued accumulation and long-term perturba-
tions of the Earth's environment. At present CC1 3F and CC12F2
are considered to be the most significant contributors to a possi-
ble future depletion of the stratospheric ozone layer, and in-
creasing carbon dioxide (CO,) is regarded as the principal con-
tributor to an anticipated significant warming of the Earth over
the next 20-50 years, (Gribbin 1978; National Research Council
1979). The theory of stratospheric ozone depletion by chlo-
rofluorocarbons has led to intensive research on atmospheric
trace gases for nearly a decade now. Measurements of fluorocar-

bons CCI3F (F-Il) and CCL 2F2 (F-12) made at the South Pole have
added considerably to the present knowledge of their lifetimes,
dispersion, and sources (Chang and Penner 1978; Fink and
Klais 1978; Khalil and Rasmussen 1981; Rasmussen, Khalil, and
Dalluge 1981; Rowland et al. 1982). Most of these data have been
described in earlier publications of Rasmussen (1978),
Rasmussen and Khalil (1982), and Rasmussen, Khalil, and
Dalluge (1980).

Our antarctic research has shown that a number of much
rarer manmade gases, including fluorocarbons CHC1F2 (F-22)
and C2 C13F3 (F-113) and sulfur hexafluoride (SF,), have also
reached the South Pole. At present little is known about the
annual emissions or atmospheric removal processes of these
trace gases. It is likely that they are very long-lived, with life-
times of several decades.

In this paper, we show the rise of CHC1F 2 (F-22), C2C11F1
(F-113), and SF, at the South Pole. For contrast, concentrations
of these gases at midnorthern latitudes (45°N, Oregon) are
reported as well. To demonstrate the unique atmospheric be-
havior of long-lived manmade gases, we have also included
measurements of chloroform (CHC1 1 ), which has both natural
and anthropogenic sources, and of methyliodide (CH 3I), which
is believed to be entirely natural. Each of the gases discussed
here, natural or anthropogenic, is present at less than 100 parts
per trillion by volume, thus making them among the rarest trace
gases ever measured in the Earth's atmosphere.

The information we have obtained thus far is summarized in
the table and figures 1 and 2.

Rare natural and anthropogenic trace gases at the South Polea

Sources

Anthropogenic:
propellent, refrigerant, plastics
and chemical manufacturing

Anthropogenic:
refrigerant, foaming agent, solvent

Anth ropogenic:
electrical equipment,
atmospheric tracer

Anthropogenic:
F-22 production, pharmaceutical
products, dyes, pesticides
Natural: oceanic

Natural: oceanic

Sinks

Reaction with tropospheric OH;
photo decomposition in
stratosphere (T > 10 yrs)

Reaction with 0(D), photo
decomposition in stratosphere
(T > 10 yrs)

Stratosphere (T > 10 yrs)

Reaction with OH, short-lived
('r < 1 yr)

Reaction with sunlight, short-
lived (T	days)

a C represents concentrations; ± values are 90 percent confidence limits; "s' denotes South Pole; "PNW" denotes Pacific northwest (Oregon). CH3I
concentrations vary from year to year by over a factor of 5. For F-22, F-113, and SF, concentrations, the formula C = C 0exp (0t) was employed to estimate
the relative rate of change. "b' denotes 1003 to convert to percentage per year. "r" denotes atmospheric lifetime. '-" denotes no trend detected.
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Figure 1. Monthly average concentrations of CHCIF 21 C 2 C13F3 , and
SF, at the South Pole (s p) and the Pacific northwest ( pNw). The
vertical bars indicate 90 percent confidence limits of the average
concentration. For sulfur hexafluoride (SF.) these limits are smaller
than the size of the circles used to represent the average value. The
solid lines are C = C. exp (3t).

Fluorocarbons (F-22 and F-113). These exotic fluorocarbons are
thought to be entirely manmade. At present rates of increase
their doubling time in the atmosphere is about 6 years, which
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Figure 2. Average concentrations of chloroform (CHCi 3) and meth-
yliodide (CH 31) at the South Pole (sr) and Pacific northwest (PNw).
For CHCI31 PNW values are averaged over the winter, and the vertical
bars represent 90 percent confidence limits. For CH 3I 1 con-
centrations were found to be low but variable over a factor of 5. The
solid lines are to group data. ("pptv" denotes parts per trillion by
volume.)

may be regarded as rapid accumulation. If the concentrations of
F-22 and F-113 become large enough, they may affect the global
environment by the same mechanisms as proposed for the
fluorocarbons CC1 3F (F-li) and CC12F 2 (F-12); or the cumulative
effects of the exotic fluorocarbons such as F-22 and F-113 may
become significant even if each gas by itself is innocuous.

Sulfur hexafluoride. SF6 is present at concentrations of less than
one part per trillion by volume, and based on what we know
now, it is unlikely to affect the global environment. It can,
however, be used as a tracer of air motions on a global scale.

Chloroform (CHC13) and met hyliodide (CHI). As shown in figure
2, CHC13 and CH3I behave differently from the other gases. Both
are much shorter-lived and thus more variable in concentration.
Because of this variability, any long-term trends, if they exist at
all, are not yet detectable. The very existence of these gases at
the South Pole indicates their natural origins. Since much of the
southern part of the southern hemisphere is oceanic, it is likely
to be the source of CHC1 3 and CH3I.

These results are particularly significant for the case of chlo-
roform since it is generally thought to be primarily an-
thropogenic (National Research Council 1978). Its global life-
time is estimated to be only about 6 months, since it reacts
rapidly with tropospheric hydroxyl (OH) radicals. If CHC1 3 is
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entirely anthropogenic, much of it which reaches the South Pole
would have to be transported through the tropics, where its
lifetime is even shorter due to a greater abundance of OH in that
region. Thus, it should not even be detectable at the South Pole
(Khalil, Rasmussen, and Hoyt in press). On the other hand, the
sizable difference of concentration between Oregon and the
South Pole suggests that a significant portion of it may be
anthropogenic. Mass balance calculations based on the data
shown here suggest that the oceans and anthropogenic sources
contribute about equal amounts of CHC1 3 to the atmosphere.

This work was supported in part by National Science Founda-
tion grant DPP 81-08684. We thank the National Oceanic and
Atmospheric Administration/Global Monitoring for Climate
Change personnel for collecting air samples at the South Pole,
and Rohith Gunawardena, Bob Dalluge, Trish Quinn, Don
Stearns, and Bob Watkins for laboratory work at Oregon Gradu-
ate Center.

Additional support for this work was provided by the Bio-
spherics Research Corporation and the Andarz Company.
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Measurement of the column densities
of water, nitric acid (HNOj,

fluorocarbons (CF2Cl 2 and CFCI 3) and
ozone during the austral winter

DAVID G. MURCRAY

University of Denver
Department of Physics

Denver, Colorado 80208

A grating spectro-radiometer is being prepared for operation
at South Pole Station during the 1984-1985 austral winter. This
instrument will measure the column densities of trace gases by
spectral analysis of the thermal radiation from the atmosphere.

The concentration of the gases to be measured may be in parts
per billion or less. As a result, the thermal emissions associated
with these gases are quite small, that is, on the order of 10 to
10 watt per square centimeter, per micrometer per steradium.
It is important, therefore, that the instrument parameters are
optimum.

Computer simulation of the expected emission spectrum can
be, and has been, used as a guide in the instrument develop-
ment. These calculations, however, assume an ideal at-
mosphere: the effects of atmospheric particulates (i.e., ice crys-
tals, cirrus clouds, etc.) are ignored. Because much of the winter
data may be taken under less than ideal conditions, measure-
ments under various atmospheric conditions at South Pole Sta-
tion were desirable as an aid in final determination of design
parameters.

A prototype instrument was installed at South Pole Station in
November 1982. Data was taken under conditions ranging from
totally clear skies to overcast with visibilities down to 0.5 mile.
Observations were made on a total of 8 days during the period
from 20 November through 30 November. F. H. Murcray, F. G.
Fernald, and J. Gillis participated in the field program.

Analysis of the data obtained suggest that a spectral band-
width of 0.5 wave number instead of the 1.5-2 wave number
employed in the prototype would greatly facilitate the computa-
tion of column densities, particularly when light cirrus clouds
are present.

This spectral bandwidth can be realized while maintaining
adequate energy throughput with a spectrometer utilizing
larger optics than the prototype. This instrument is therefore
being prepared for operation at South Pole Station during the
1984-4985 winter.

This work is supported by National Science Foundation grant
DPP 81-18005.
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Air chemistry monitoring at
Palmer Station

ELMER ROBINSON and W. LEE BAMESBERGER

Air Pollution Research Section
Washington State University
Pullman, Washington 99164

This research season we continued the air chemistry studies
at Palmer Station. The air chemistry station that had been in-
stalled in January-February 1982 was operated continuously
during the winter. The operations are continuing with a 1983
winter program. Data collected in the 1982 season are being
analyzed and some preliminary results are described in this
article.

Erection of the field station was completed on 16 January
1982, and full operation, including the two automated gas chro-
matographs and the computer-controlled data system, was
achieved about 15 February 1982.

The instrumentation consists of: (1) an automated electron
capture gas chromatographic halocarbon analyzer for the analy-
sis of fluorocarbons CC12 F2 (F-12) and CC13F (F-il), methyl chlo-
roform (CH3CCl), carbon tetrachloride (CC1 4), and nitrous ox-
ide (N20); (2) an automatic flame ionization gas chromatograph
for the analysis of carbon monoxide (CO), methane (CH,), and
carbon dioxide (CO 2); (3) an ozone (0 3) photometer; (4) a con-
densation nuclei (cN) counter, and (5) a Hewlett-Packard 85 data
system with strip chart backup. The instruments are standard-
ized against pre-calibrated gas mixtures. The CO2 data will be
correlated with the National Oceanic and Atmospheric Admin-
istration/Global Monitoring for Climate Change (NOAA/GMCC)

program through NOAA flask samples taken regularly at Palmer
and through an exchange of standard gas samples. Weather
data are included using the Palmer Station records. Recorded
wind data and the response of the CN counter are used to
identify periods when emissions from Palmer Station sources

(e.g., the power plant) may be affecting the observations and
those data are flagged for special consideration.

The major operational difficulty during the first year of opera-
tion was the failure of the hydrogen gas generator supplying the
fuel gas for the flame ionization detector-gas chromatograph.
This occurred in late July, and when the generator could not be
repaired, it meant the loss of the CH4-CO-0O2 data until a
replacement unit could be delivered on the first R/v Hero cruise
of 1982-1983. Another problem was an inlet sample line blower
that was not large enough to overcome wind suction in strong
winds. Until a larger blower unit was installed about 15 May,
this problem resulted in a record that could not be processed by
the computer system, and some data were lost. The record is
being manually checked and logged, but the following data
tabulations do not include the early station record. CO data are
also not included because the concentrations are too low for
reliable automatic scaling and computer processing. Manual
tabulation is being done. Other problems were relatively minor
and did not result in any extensive loss of observational data.

The table shows the preliminary results of time trend anal-
yses of average weekly data for the Palmer Station record based
on 31 weeks of data for the halocarbons and N 20. These data
cover the period from the week of 17 May 1982 through the
week of 15 December 1982. Standardizations and other system
checks are still being carried out so these are just preliminary
data. Figures 1 and 2 show plots of the weekly average values for
the CC12F2 (F-12) and for N 20. The F-12 trend shows a steadily
increasing atmospheric concentration because this stable an-
thropogenic compound is continually produced and released to
the atmosphere. This time trend for F-12 shows an annual
increase of about 4.2 percent. The N 2O time trend is also up-
ward but at a much slower rate of about 0.9 percent per year. The
correlation coefficient for N20 given in the table indicates that
although the time trend for N 2O is relatively small, it is statis-
tically significant.

The table also shows the statistical time trends for the CO2

and CH, weekly average data for the period 17 May to 15 July
1982. These data are more limited because of the break in the
data in mid-July but a significant time trend was still obtained
for the CH4 data. The CO2 results, while they show an increase
in concentration as expected, are not statistically significant for
this short sampling period. Since both CO 2 and CH4 are part of

Trace gas measurements at Palmer Station: Preliminary results, 1982

a "ppt" denotes parts per trillion; "ppb" denotes parts per billion; "ppm" denotes parts per million.
Statistical significance of the concentration time trend.
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Figure I. Average weekly F-12 concentration (parts per trillion), 16
May to 15 December 1982, Palmer Station. ("CONC" denotes
concentration.)

the global biogenic emission regime this shortened trend may
be influenced by seasonal as well as longer term changes.

Ozone concentrations at Palmer ranged between 10 and 30
parts per billion (ppb), and the concentrations of Aitken nuclei
(cN) were generally within the range of 200 to 1,000 CN per
milliliter. This latter value is generally typical of clean maritime
air masses. The ozone concentration seems to be similar to the
long-term range of values at South Pole Station where the GMCC
monthly mean values have ranged from about 15 to 25 ppb.

Further analyses of this data record from Palmer are in pro-
cess. In particular we are looking at correlations of the hourly
and daily records with synoptic weather changes and com-
parisons with other antarctic and high latitude stations.

294 l_	I I	£	I	I	I I	I I	I I	I	I

0 4 8 12 16 20 24 28 32
WEEKS

Figure 2. Average weekly N 20 concentration (parts per billion), 16
May to 15 December 1982, Palmer Station. ("CONC" denotes
concentration.)

The air chemistry station operations have also supported two
other Department of Polar Programs studies, namely, the NOAA
CO 2 flask sampling program and the North Carolina State Uni-
versity cloud physics research by V. Saxena. For the NOAA
program, air samples were collected in flasks for CO 2 analysis at
the NOAA laboratory and for Dr. Saxena's research, special filters
were used in an air sampling program which are to be returned
to him for chemical analysis and nucleation assessment.

This research was supported by National Science Foundation
grant DPP 80-0579701. Fred A. Menzia served as the winter air
quality scientist for the 1982 austral winter season. For the 1983
winter season, the winter duties were assumed by Stephen F.
Waylett and Annette S. Waylett.
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Upper atmosphere studies

Superpressure balloon measurements
of stratospheric electric fields

ROBERT H. HOLzwORTH

Geophysics Program, AK-50
University of Washington

Seattle, Washington 98195

The first prototype flights of a National Science Foundation
and National Aeronautics and Space Administration jointly
sponsored superpressure balloon experiment were launched
from Christchurch, New Zealand in March 1983. The micro-
processor-controlled payloads aboard the balloons were de-
signed to obtain long-duration measurements in the strat-
osphere of the vector electric field and a variety of other electric
parameters. The two balloon launches were the first test flights
of the payload configuration that will be used for several
months beginning in December 1983 to obtain multiple simul-
taneous stratospheric electric field measurements. The objec-
tives of this experiment include a variety of studies concerned
with the interaction and coupling between global electric cur-
rent systems. This report will summarize the instrumentation
and the preliminary results of these test flights.

The primary sensors are orthogonal, double-Langmuir
probes operated in a high impedance (z > 10 14 (1) mode to
measure direct-current electric fields with millivolt-per-meter
sensitivity (see Mozer and Serlin 1969). To aid in data interpreta-
tion as well as to address other independent scientific ques-
tions, the payloads included instruments which measured: (1)
very-low-frequency electric power at 1.5, 3, and 6 kilohertz, (2)
magnetospheric hiss near 4.5 kilohertz due to wave particle
dynamics, (3) positive and negative electric conductivity (Holz-

worth 1981), (4) background ionization rates (Neher 1953), (5)
vector magnetic field, and (6) the optical lightning stroke rate.
All sensors were controlled and/or sampled by a dual micro-
processor data system using COSMAC 1802 processors. The
payload was rotated twice a minute to eliminate direct-current
electronic offset effects, and the data were averaged and trans-
mitted to the ARGOS polar-orbiting data-collection platform.
Further details on the instrumentation are found in Schroeder
and others (1981) and Holzworth (1983).

Both prototype flights were successful. All electric field sen-
sors worked flawlessly, and ultraviolet probe degradation did
not appear to be a problem even several weeks into each flight.
Figure 1 shows the known (as of this writing) trajectories at
26 kilometers altitude. Figure 2 shows a sample of the raw

double-probe electric-field data from payload EMA 1 (for elec-
trodynamics of the middle atmosphere). The two panels show
totally independent data sets from the two perpendicular pair of
horizontal probes. These probes are rotated about a vertical axis
resulting in a quasi-sinusoidal output. One can see from figure
2 that both probes recorded the same basic envelope of electric-
field variations even though turbulence on a time scale of a few
minutes was often observed. The raw data is sampled once
every 5 seconds resulting in six points per rotation and probe
output V43 leads V21 by 90°.

As an example of the analyzed (i.e., despun) electric-field
data, figure 3 shows 10-minute average data from a thun-
derstorm. The vertical electric field becomes inverted in polar-
ity, and the horizontal field obtains a similar magnitude with
slowly varying direction as the storm is passed over or dissi-
pates. This signature is very similar to storms seen in the North-
ern Hemisphere (cf. Holzworth 1981).

With the successful test flight of the prototype payloads, the
main experiment goals can be addressed on schedule with a
series of flights to begin in December 1983. The main scientific
objectives of these flights are studies of magnetospheric/at-

çç1	0°	E4s

90°

Figure 1. Trajectories of two superpressure balloon flights at 26-
kilometer altitude launched from Christchurch, New Zealand in
March and April 1983.
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Figure 2. Raw electric-field data from two independent sensors on
one payload indicating a large degree of turbulence in the mid-
latitude stratospheric electric field. ("UT" denotes universal time;
"mv/rn" denotes millivolts per meter.)

mospheric electrical coupling, global response to a solar flare or
major magnetic storm, and spatial and temporal electric
turbulence.

The instruments for this international collaboration were de-
signed and built by personnel at the University of Washington,
Cornell University, Utah State University, Stanford University,
the University of Otago (New Zealand), the Aerospace Corpo-
ration, and the National Center for Atmospheric Research. The
co-investigators and principal staff at these institutions were
M. Kelley, P. Kintner, S. Powell*, A. Shaw, R. Williamson,
R. Dowden*, B. Edgar, T. Onsager* , D. Boulter* , V. Lally*,
N. Carlson*, J. Smalley*, and E. Lichtfield* . This research was
jointly sponsored by the National Science Foundation and the
National Aeronautics and Space Administration under grant
ATM 82-12283.

* At the launch site in March and April 1983.
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Measurement of ionospheric electron
columnar content changes over

McMurdo Station

DAVID S. Coco and JAMES R. CLYNCH

Applied Research Laboratories
The University of Texas-Austin

Austin, Texas 78712

To study the effects of ionospheric scintillations on the track-
ing of navigation satellites in the south polar regions, Applied
Research Laboratories of The University of Texas-Austin
(ARL:UT) has collected ionospheric electron columnar content
change data at McMurdo Station from 1979 to the present.
ARL:UT operates the satellite tracking station at McMurdo Sta-
tion for Navy Navigation Satellites (NNs's) and, in addition,
collects ionospheric data with a special piece of hardware called
the refraction offset generator (R0G). We have collected a large
amount of data during the period (1979-1982) about solar max-
imum that provides an important tool for studying the mor-
phology and spatial structure of the ionospheric irregularities in
the south polar region.

The NSS's transmit coherent radio signals at frequencies of 150
and 400 megahertz. These two signals are used to remove the

effects of the ionosphere from navigation. The ROG hardware
retrieves this ionospheric information providing a measure of
the change in the number of electrons along the line of sight as
the satellite passes over McMurdo Station in a 1,000-kilometer
orbit. The absolute number of electrons along the line of sight is
not obtained unless an additional reference measurement is
provided.

The ROG satellite tracking schedule for 1982-1983 was de-
signed to allow comparison with other data sources such as the
Dynamics Explorer satellites. Special tracking schedules were
also introduced to collect data during severe geomagnetic
storms. Approximatey 3,000 satellite passes of ROG data have
been recorded at McMurdo Station and shipped to ARL:UT for
analysis. The ionospheric area covered by this data set includes
large portions of the auroral oval and the polar cap.

Analysis of the ROG data is still in the early stages, but several
important results have come to light from a preliminary analy-
sis of the 1979 data. First, the irregularities appear to be very
strongly aligned along the magnetic field, as expected from
theory and from observations in the north polar regions. Sec-
ond, the intensity of the irregularities is not a function of the
activity level of the local magnetic field. This result has been
reported in some, but not all, of the previous polar ionospheric
studies. Further analysis of the full data set and comparison of
the results to other data sets is continuing.

The ROG equipment was operated by S. DeWeese and
R. Meegan during the 1982-1983 season. Antarctic logistic sup-
port was provided by National Science Foundation grant DPP 68-
00508.

Atmospheric infrasound from volcanic
eruptions in 1982

BRUCE N. MCKIBBEN

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

Observations of atmospheric infrasonic waves have been
made at Windless Bight (77°45'S 167°35'E) near McMurdo Sta-
tion since 1976. In 1981 the system was expanded to cover the
passband of periods from 1 to 100 seconds, and a digital data
acquisition and analysis system was installed. In January 1982,
the digital system was upgraded to incorporate real-time ap-
plication of data adaptive pure-state filtering (Samson and
Olson 1981). Another computer and a full-time operator were
added to the program to allow additional analysis to be per-
formed throughout the year.

Through the 1982 austral winter season, computer software
was developed to facilitate the retrieval and analysis of the data
collected. This software package includes time-domain analy-
sis, spectral analysis, frequency-wavenumber (f-k) analysis,

pure-state filtering, beam-steer vector filtering, and rudimen-
tary graphics. A method was also developed for transmitting
analysis results and diagrams to Fairbanks, Alaska.

The f-k analysis in use at Windless Bight provides information
on the signal power relative to its velocity and azimuth of
arrival. The analysis is performed on a frequency-by-frequency
basis to give the complete f-k spectrum. At each frequency, a
slowness (inverse velocity) vs. azimuth (S-O) diagram is pro-
duced, which displays contours of the power function in wave-
number space. This analysis is useful for determining the
power in each signal if two or more signals are recorded
simultaneously.

Infrasonic waves produced by the explosive eruptions of El
Chichonal Volcano in Mexico (17°20'N 93°12'W) on 29 March, 3
April, and 4 April 1982 were observed at Windless Bight. The
signals from four eruptions were recorded travelling in the
direct great circle path from the source to Windless Bight. In
addition, signals travelling in the antipodal path from two of
these eruptions were recorded.

El Chichonal is located 12,101 kilometers from Windless Bight
at a true azimuth of 950W Assuming the velocity of sound to be
300 meters per second, it should take 11.2 hours for the in-
frasonic wave to arrive at the detector site. Actual travel times
are given in tables 1 and 2. Azimuth of arrival for each signal, as
determined by the time-domain analysis, is also shown in ta-
bles 1 and 2. Estimates of the azimuth and velocity can also be
made from the peak of the S-O diagram for the frequency of
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8 Universal time.
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Table 1. Time domain analysis results for direct great circle path signals

Travel	 Travel	 Trace

	

Event time"	 time 	velocityc	velocityc

0532 29 March	11:14	 299	 367
0850	3 April	 11:17	 298	 380
0200	4 April	 11:48	 285	 360
1122	4 April	 11:29	 293	 380
2040 4 April	 8:00	 295	 377

Arrival
	

Energy
azimuth	released

102°
	

630
120°
	

66
110°
	

31
110°
	

243
310°
	

25

Table 2. Time domain analysis results for antipodal path signals

	

	maximum power. S-O diagrams for the 1122 universal time (UT) 4
April eruption (figure) give results in close agreement with the

Travel Travel	Trace	Arrival	time-domain analysis. It can be seen that the apparent azimuth
Signal	Event time 	time 	velocityc velocityc azimuth	of arrival is shifted 10° to 20° east of the true azimuth of the

source. This shift can he attributed to transverse winds over the

El Chichonal II 0532 29 March 25:54	299	378	2950	
southern oceans. Using a method described by Posey and
Pierce (1971), estimates of the energy release of the four erup-El Chichonal VI 1122 4 April	25:50	300	395	280°	tions were made and are listed in table 1 (Olson and Wilson
1983).8 Universal time.	 On 5 April 1982 one infrasonic signal was also recorded fromb In hours and minutes.	 the eruption of Galunggung Volcano in Java (7°15'S 108°3'E).

In meters per second.	 This volcano is 8,520 kilometers from Windless Bight at a true

	

E. C. V	 E. C. VI

AZIMUTH	 AZIMUTH

Slowness vs. azimuth diagrams for direct (on the right) and antipodal (on the left) signals from 1122 universal time 4 April 1982 eruption of El
Chichonal Volcano. (See table.) ("E.C." denotes El Chichonal.)
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azimuth of 299°. The actual time of eruption was not known.
The observed signal arrival time was 0441 UT. Assuming a
velocity of 295 meters per second, the eruption was estimated to
have occurred at 2040 UT on 4 April. This estimate was in agree-
ment with local observations. An estimate of the energy release
of the Galunggung eruption was calculated and is given in table
1.

Over the years, Windless Bight has proven to be an excellent
site for the detection of infrasound due to its extremely low
average wind noise. The ability to detect infrasonic signals from
major volcanic eruptions anywhere on the globe has been
shown by the five eruptions (four from El Chichonal and one
from Galunggung) detected in 1982.

The principal investigator was Charles Wilson; he was in the
field in January 1982 and January 1983. Other field personnel
were: B. David Spell (January 1982), Ian Wilson (January 1983),
Bruce McKibben (December 1981 to November 1982 and Janu-

ary-February 1983), and Kathleen Driscoll (October 1982 to Jan-
uary 1984).

This research was supported by Air Force Office of Scientific
Research under contract F49620-81-C-0091 and National Science
Foundation grant DPP 81-21669.
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Riometry in Antarctica

D. L. DETRICK and T. J. RoSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

L. J. LANZEROTTI and C. C. MACLENNAN

Bell Laboratories
Murray Hill, New Jersey 07974

As part of the expanding facilities for upper atmospheric
physics research at South Pole and McMurdo Stations, the Uni-
versity of Maryland installed a digital data acquisition system at
both stations during the 1981-1982 austral summer season. In
the 1982-1983 summer season, an identical system was in-
stalled at Siple Station, and a 30 megahertz riometer was placed
at Palmer Station. The data acquisition systems now operating at
all stations (except Palmer) are designed to digitize and record
analog signals at any one of three fixed sampling rates: 10, 1, or
0.1 hertz. The University of Maryland riometers (Siple: 30
megahertz; McMurdo: 30 and 51.4 megahertz; South Pole: 20.5,
30, and 51.4 megahertz) are sampled at the 1-hertz rate. In
addition, at Siple and South Pole Stations, magnetic (1 hertz; 10
hertz), very-low-frequency emission (1 hertz), and auroral in-
tensity (1 hertz) variations are recorded at the indicated sam-
pling rates.

Simultaneous digital recording of complementary signals is
an extremely valuable aid toward the understanding of pro-
cesses occurring in the Earth's upper atmosphere. To demon-
strate the importance of this, we will examine, briefly, some
examples from South Pole and McMurdo Stations recorded
during the first year of operation. We limit this report to a

consideration of the riometer data and some accompanying
magnetic variations from the Bell Laboratories' fluxgate
magnetometer.

The riometer is sensitive to processes in the ionosphere that
perturb the signal level of the radiation the receiver detects. In
common use, the broadband radiowave noise emanating from
the galaxy serves as a steady source of radiation. Two
ionospheric processes that may affect the received power of this
signal are attenuation (absorption) by local electron density
enhancements such as are produced by energetic particle pre-
cipitation and scattering of the signal by large-scale density
irregularities (see, for example, D'Angelo 1976, 1978, 1981).
Each riometer is sensitive to a specific frequency of the source
radiation. Because of the vertical structure of the ionosphere,
multiple riometers operating at different frequencies provide
information about the intensity, hardness (characteristic ener-
gy), and physical extent of electron precipitation from the mag-
netosphere, in the case of D-region absorption. Also, it may be
possible to assess the size, or spacing, of large-scale perturba-
tions capable of selectively scattering radiation of a particular
frequency.

The absorption event shown in figure 1 is typical of numer-
ous similar events that occur at South Pole Station in the pre-
magnetic-midnight time sector. This event is noteworthy for
several reasons. The rapid onset of the event and its short
duration indicate a rapidly moving disturbance. The assump-
tion that the disturbance is in motion is supported by the charac-
teristic shape of the magnetometer Z-component, suggesting a
moving horizontal current system which passes overhead at
approximately 2255 universal time (UT) when Z = 0. Notice that
the 20.5 megahertz riometer signal is completely blanked out
briefly during the event, indicating a very intense electron
precipitation.

Figure 2 shows a type of event that occurs frequently at
McMurdo Station, particularly in the summer months. The
figure represents the band-pass filtered 30 megahertz riometer
signal for 5 successive days in 1982; the plots are centered about
magnetic noon (approximately 2030 UT). Note the wavelike
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Figure 1. Pre-midnight absorption event at South Pole Station.
("MHz" denotes megahertz; "UT" denotes universal time; "nT" de-
notes nanotesla.)

nature of the perturbations with quasi-periods in the 10-30
minute range and the often abrupt change in character of the
oscillations at noon. Because satellite particle measurements in
the polar cap rarely show significant electron fluxes above a few
kiloelectronvolts, it is not obvious that this phenomenon is
caused by absorption due to modulated electron precipitation-
produced density enhancements. On the other hand, the effect
may be related to scattering from density irregularities caused
by plasma instabilities, as suggested in the references cited.
This can be tested by examining data from instruments that
provide other information about ionospheric electric and mag-
netic fields and particle precipitation. Preparations are now in
progress to install a 3-axis magnetometer at McMurdo Station,
as part of our 1983-1984 summer program.

This work was supported by National Science Foundation
grant DPP 79-25014. Participating in the antarctic field activities
from the University of Maryland were T. J. Rosenberg, L. F.
Lutz, and D. L. Detrick. Our research efforts in Antarctica
during 1983 are being aided by numerous individuals from
cooperating institutions. We would like to acknowledge the
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Figure 2. Band-pass filtered 30 megahertz riometer signal at
McMurdo Station. ("MHz" denotes megahertz; "UT" denotes univer-
sal time; "dB" denotes decibel.)

valuable assistance of Kay Driscoll (University of Alaska) and
John Woodbury (Bartol Research Foundation) at McMurdo Sta-
tion, Mike Trimpi (Stanford University) at Palmer Station, John
Green and Dave Shafer (Stanford University) at Siple Station,
and Jim Hetrick and Ken Mighell (Bartol Research Foundation)
at South Pole Station.
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Cosmic ray intensity variations

MARTIN A. POMERANTZ

Bartol Research Foundation of The Franklin Institute
University of Delaware

Newark, Delaware 19711

The most spectacular visible event that can occur on the Sun is
a sudden chromospheric eruption, a solar flare. In some cases,
the energy release is equivalent to the explosion of almost a
million hydrogen bombs. This exceeds the total amount of
thermal energy stored up in the whole corona and chro-
mosphere. The mechanism of this phenomenon (which also
occurs on other stars) is still a subject of intense investigation,
and our knowledge of how charged particles with energies
occasionally reaching 10 billion electron volts are accelerated
remains quite incomplete.

Flares that produce particles having sufficient energy to make
their effect detectable by ground-based cosmic ray detectors are
rare—fewer than one per year on average. One ground-level
enhancement (GLE), number 35 on the list, occurred last year on
7 December 1982 (figure 1). The peak intensity, 33 percent above
the pre-event level, was the second highest since 1960, the
initial year of operation of Bartol's first cosmic ray observatory in
Antarctica. Although a detailed study of this event remains to
be carried out when data from foreign stations in the worldwide
cosmic ray network become available, the observations at three
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Figure 1. The ground level enhancement (GLE) which occurred on 7
December 1982 as observed by the world's most sensitive detector
of relativistic solar cosmic rays, at South Pole Station. The upper
curve (dots) represents observations, with unshielded counters (so-
called bare counters, "BC"), of neutrons produced in the at-
mosphere; the lower curve (solid line) corresponds to neutrons
produced locally within the so-called "pile" arrangement (neutron
monitor, "NM"). The intensity difference arises from the slightly
lower energy of response of the bare counter, reflecting a solar
particle spectrum which decreases rapidly with energy. The ab-
scissa is time, expressed as day of year; thus, 342.00 is 0000 univer-
sal time on 8 December.
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Figure 2. Variations of surface and underground intensity at McMur-
do Station and Mawson, respectively, during the unusually dis-
turbed period 23 June to 27 November 1982. The difference between
the intensity profiles of underground muon intensity (mean magnet-
ic rigidity 80 gigavolts) and nucleonic intensity (mean rigidity 10
gigavoits) arises from the superposition of two modulation effects
with different energy dependences. The bottom curve shows the
result of removing from the underground curve the isotropic For-
bush decrease effect, which dominates the nucleonic intensity pro-
file, by appropriately scaling the latter, as indicated. The remaining
variations at Mawson reflect a north-south anisotropy, the direction
of which changes with the 27-day solar rotational period.

Bartol stations have already recorded some puzzling charac-
teristics. Unfortunately, the neutron monitor at McMurdo Sta-
tion was undergoing maintenance at the time of the GLE.

The first of a recently planned series of investigations with
our Australian colleague, R. M. Jacklyn, who operates an un-
derground cosmic ray detection system at Mawson Station, has
yielded a new and entirely unexpected result (Jacklyn and
Pomerantz, 1983). As is shown in figure 2, a comparison of the
data recorded during a long highly disturbed period from June
to November 1982 revealed significant differences in the inten-
sity vs. time profiles of the McMurdo Station neutron monitor
(mean rigidity of response about 9 gigavolts) and a new under-
ground telescope at Mawson (mean rigidity of response about
180 gigavolts). Preliminary analysis, which also involves obser-
vations by a multi-directional surface telescope at Nagoya,
Japan has led to the conclusion that the effect is produced by the
superposition of a north-south anisotropy and a worldwide
Forbush decrease. As is often the case, this remarkable event
occurred after an extended visit to Hobart during which an
extensive program of collaborative studies was formulated, and
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the effect is one which could not have been anticipated during
the planning discussions.

During the 1982-1983 season, the winter-over observers were
James Hetrick and Kenneth Mighell at South Pole Station and
Jonathan Woodbury at McMurdo Station. This work was sup-
ported in part by National Science Foundation grant DPP
79-23218-02.
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Antarctic automatic geophysical
observatories

S. E. HARRIS and S. B. MENDE

Lockheed Palo Alto Research Laboratory
Palo Alto, California 94304

In the past 2 decades of exploration of the Earth's electro-
magnetic environment (the magnetosphere), a complex system
of interacting magnetic and electric fields, plasmas, and electric
currents has been observed to surround the Earth. In the fu-

ture, increasing emphasis will be placed on synthesizing a com-
prehensive model of the coupled solar wind/magnetosphere!
ionosphere/atmosphere system. This goal requires coordinated
observations using multiple instruments at multiple stations,
which are chosen systematically to provide optimum scientific
opportunities. Until now, the choice of observing sites has been
determined largely by logistical considerations that are often at
odds with scientific requirements. This is particularly true in
Antarctica where only a few manned stations are available for
geophysical observations.

In the next few years, the research will be directed toward the
understanding of how this closely coupled time-dependent
system works, and to improve the understanding of these pro-
cesses, a multi-station observatory network is planned for
Antarctica.

Figure 1. Prototype Automatic Geophysical Observatory deployed at South Pole Station, January 1983.
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The Lockheed Palo Alto Research Laboratory built a pro-
totype Automatic Geophysical Observatory (AGO) for such use
in Antarctica. These AGO'S are multi-user facilities, providing
power and data storage for a complement of ground-based
instruments and will allow extensive space-time monitoring of
the Earth's geophysical environment. The development of the
AGO is aimed specifically toward satisfying the need for an
unmanned observatory chain in the high latitude regions of
Antarctica.

The prototype AGO, deployed at South Pole Station in January
1983 for field testing, is shown in figure 1. A rather small, well-
insulated hut houses the electronic instrumentation and a pro-
pane-burning thermoelectric generator (lEG). Enough fuel for 1
year of unattended operation (2,841 liters) is stored in 45-kilo-
gram cylinders outside the hut. Also seen in figure 1, on the
roof of the hut, are the cooling fins for the thermal control
system and the optical dome for the auroral slit photometer.

The interior of the instrument hut is warmed to an average
temperature corresponding to an ordinary laboratory environ-
ment using the waste heat from the generator. This is controlled
by dissipating excess heat from the TEG directly to the outside air
by means of a variable thermal conductance heat pipe. The
resulting relatively mild environment inside the hut (as com-
pared to the unabated antarctic environment) minimizes the

effort required in designing electronic and mechanical systems
for thermal stability.

Figure 2 shows a schematic diagram of the AGO. The TEG has
no moving parts, burns propane in a flameless catalytic reac-
tion, and supplies 50 watts of electrical power and approx-
imately 1,900 watts of usable waste heat. Propane does not
vaporize below - 40°C, therefore it is necessary to pressurize
the fuel system with compressed nitrogen (N 2) and pipe liquid
propane into the hut where it is revaporized before entering the
TEG.

Data collection for all experiments in the AGO, as well as an
accurate clock, is provided by a microprocessor-controller data
acquisition system developed especially for this application.
Either analog or digital data is sampled from each instrument at
predetermined rates, organized into blocks and stored tem-
porarily in buffer memory as illustrated in figure 3. The use of
buffer memory allows us to store data collected at a relatively
slow rate (300 bits per second) and record it at a much higher
rate (75 kilobits per second) on an intermittent basis. Thus
standard 14-track instrumentation tape recorders can be used,
and their average power consumption will still be low. Two
recorders are used for reliability, but an entire year of data (10
gigabits) is recorded on a single 14-inch tape on both machines.

The 50-watt continuous power supply is available to run the

Figure 2. Diagram of major components in the Automatic Geophysical Observatory. Two racks contain the instrumentation and data system,
Including the sample instruments (photometer and riometer) deployed at South Pole Station in the prototype Automatic Geophysical
Observatory.
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Figure 3. Block diagram of the Automatic Geophysical Observatory data system illustrating data flow and storage. ("G bit" denotes gigabit; "M
bit" denotes megabit.)

station, including the instrumentation and the tape recorders.	tapes for blank ones and refueling the propane tanks. These
A battery charging system permits using more than 50 watts for	data tapes will be returned to the United States for decoding,
short periods of time and the tape recorders operate in this	and each experimenter's data will be distributed on standard
fashion. Tests at South Pole Station show the average power	digital magnetic tapes.
consumption of the AGO data system and system sensors (tern-	The AGO was deployed by the authors and Kermit L. Smith of
perature and power monitors) to be only 18 watts. This leaves	the Lockheed Research Laboratories.
about 32 watts for the various experimenter sensors.	 This work was supported by National Science Foundation

Once a year the AGO chain will be serviced, exchanging data	contract DPP 81-05624.
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Magnetic pulsation activity at
South Pole Station

ROGER L. ARNOLDY

University of New Hampshire
Space Science Center

Durham, New Hampshire 03824

L. J. CAHILL, JR.

University of Minnesota
Space Science Center

Minneapolis, Minnesota 55455

The year 1982 was the first year of continuous digital record-
ing of geomagnetic pulsations at the South Pole from the Uni-
versity of New Hampshire/University of Minnesota induction

antennas. There can be many sources for the signals observed at
the South Pole ranging from solar wind pulsations to reso-
nances excited deep within the magnetosphere. South Pole
Station is uniquely located to sample both the dayside cusp
region and high latitude nightside auroral activity resulting in
large diurnal effects.

We made a first attempt to characterize the pulsation activity
at the South Pole by defining an activity index. This index is the
averaged amplitude of the high-pass filtered data from the x-
axis antenna. The filter edge is set at 0.1 hertz, hence the index
includes Pi 1, Pc 1, and Pc 2 pulsations. Hours in which the
activity index exceeded 0.2 were recorded for the first 147 days
of 1982.

Because the output amplitude of the induction antennas is
frequency dependent, an activity index in excess of 0.2 means
an average amplitude exceeding 0.5 nanotesla at 0.1 hertz and
exceeding 0.2 nanoteslas at 0.5 hertz. A plot of the number of
occurrence hours as a function of universal time (UT) is given in
figure 1 for a level of geomagnetic activity such that the daily
sum of K (K) was less than 25. Local midnight (1520 UT) and
noon (0330 UT) are magnetically defined, that is, noon has the

Figure 1. Number of hours the magnetic pulsation activity index
exceeded 0.2 as a function of universal time for days when was
less than or equal to 25.

Figure 2. Number of hours the magnetic pulsation activity index
exceeded 0.2 as a function of universal time for days when
exceeded 25.
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magnetic pole tilted away from the Sun in the invariant magnet-
ic meridian. Nightside auroral and dayside cusp activity are
evident in the figure. The maximum nightside and dayside
activity, however, precedes local midnight and noon by a couple
of hours. A similar rotation away from the noon/midnight me-
ridian is evident in other geophysical measurements such as the
average field-aligned current pattern (Heppner 1972; lijima and
Potemra 1976) and plasma injection into synchronous orbit
(Arnoldy and Moore in preparation).

A plot similar to the one in figure 1, but for higher geomag-
netic activity, K> 25, is given in figure 2. The ratio of noon-to-
midnight activity is greater here than in figure 1. Finally, the
nightside maximum activity has shifted to still earlier hours
now preceding midnight by almost 3 hours. This is consistent
with a similar shift in auroral activity during high K.

The geophysical significance of these curves must await more
detailed analysis and correlation with other south polar data

sets and magnetospheric measurements. A correlation with the
Dynamics Explorer satellite data will be of particular interest in
understanding the origin and significance of the pulsations.

This work was supported by National Science Foundation
grant DPP 79-23294.
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Solar seismology at the South Pole:
Studies of solar oscillations

MARTIN A. POMERANTZ

Bartol Research Foundation of The Franklin Institute
University of Delaware

Newark, Delaware 19711

The analysis of solar oscillation observations is a time-con-
suming and long, drawn-out affair. Work is still continuing in
extracting every bit of new information from the unique data set
that was acquired during the first campaign of the full-disk
Doppler-shift experiment during the 1979-1980 austral summer
(Grec, Fosst, and Pomerantz 1983). Similarly, more than 600
million bytes of computer data obtained last year by the spa-
tially resolved intensity experiment constitute a formidable
challenge, and thus far, results have been ground out slowly.
There is no question about the success of this collaborative
undertaking; for example, we have succeeded in identifying
normal modes of solar oscillations in a range of f values (where

represents the number of modes of a harmonic wave around
the Sun's circumference) that had previously been inaccessible
either to the full-disk technique, which integrates over the
entire solar disk (0 < f <4) or to the spatially resolved observa-
tions at mid-latitude sites that only a relatively few years ago had
established the global character of the 5-minute osiillations (4
equals approximately 100).

During the past year, an entirely new concept for conducting
solar-observations at the South Pole was designed, developed,
and successfully tested in the field. The original vertical tele-
scope, comprising a heliostat, 8-centimeter objective, 80-20
beam splitter, Paschen prism for rotating the beam, a guiding
port, and an experiment port, has been replaced by a much
superior and conceptually simpler system. (See figure.) The

new arrangement consists of a vertical rotating table atop of
which is an inclined experiment bed; one end of the bed can
move vertically. A guide telescope and a separate visual tele-
scope, which displays a small solar image, are mounted under
the inclined platform and can be adjusted to alignment with the
optical axis of the experimental optical system. The experimen-
tal package contains precisely the optics required by the detec-
tor, thereby eliminating multiple reflecting surfaces, passage
through a complicated image rotator, and other disadvantages
of the original "conventional" telescope. The field trials during
the 1982-1983 austral summer revealed that the new system not
only has eliminated all of the problems that were inherent in the
original arrangment but also attains a guiding precision far
exceeding that required by the most demanding experiment.

A drastically improved full-disk experimental package was
constructed by our French colleagues in the light of earlier
experience at the South Pole. A superior Lyot filter now elimi-
nates contamination from telluric water vapor lines which pre-
viously had overlapped part of the spectral line from which the
Doppler-shifts are determined (hydrogen alpha), thereby intro-
ducing peaks in the power spectrum at low frequencies (long
periods) that are not of solar origin. An electro-optical modu-
lator has replaced the mechanical modulator, and other im-
provements were made as well. The prototype operated satis-
factorily at the South Pole during a number of clear periods,
showing that the background noise had been reduced by a
significant factor. However, the desired long, continuous run
did not materialize. Although there were at least two extended
periods of cloudless days during the 1982-1983 summer season,
both were missed because of a later-than-planned start due to
instrumental problems that arose at Nice and an earlier-than-
anticipated termination. A complete redesign and rebuilding of
the system using a standard computer and other changes in the
hardware so that the experiment can be operated and repaired
by any of the observers operating in shifts during an extended
campaign is being carried out.

Experiments with a wind-fence designed to reduce the wind
speed at the instrument yielded dramatic results and made it
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The new solar telescope platform, with the updated version of the Nice solar oscillation experiment mounted in position. The small cylindrical
package on the top is a Swiss apparatus for attempting to observe solar oscillations in white light.

possible to assemble the equipment even on days when the
high wind-chill factor previously would have made such opera-
tions extremely difficult.

In addition to the author, Eric Fossat, Gerard Grec, James
Hetrick, and Kenneth Mighell participated in the field work.
This work was supported in part by National Science Founda-
tion grant DPP 81-19627.
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Observations of solar oscillations at
the South Pole

ROBIN STEBBINS and RICHARD MANN

Sacramento Peak Observatory
Sunspot, New Mexico 88349

Like all material objects, the Sun has a spectrum of natural
mechanical resonances, an acoustic normal-mode spectrum. As
with musical instruments, the structure and geometry of the
star are coded in the resonances. There are few other direct
measurements of a star's global properties. However, the Sun's
acoustic spectrum is extraordinarily dense and complex—on
the order of 107 modes between 0 and 5.5 millihertz—requiring
observational information about spatial and temporal co-
herence to resolve the modes. A south polar site allows the
possibility of continuous, multi-day observations necessary for
resolution of individual modes.

A telescope specially designed for detecting brightness man-
ifestations of solar oscillations at the solar surface and capable of
operating in the south polar environment (Stebbins 1981) was
shipped to the South Pole. The two-person field team (the
authors) and all equipment arrived at the Amundsen-Scott
South Pole Station on 8 November 1982. After minor shipping
damage was remedied, the telescope was assembled, erected,
and made operational by 16 November (figure 1). The field team
commenced 12-hour observing watches and data collection on
22 November.

The observing watches were maintained through 31 January,
and observations were made throughout the austral summer.
No clear weather stretches were missed because of telescope
downtime. Optional software and hardware development was
carried on throughout the season during periods of bad
weather. Parts of the telescope were disassembled and reas-
sembled without difficulty, testifying to the basic stability of the
equipment. The telescope was winterized in early February and
left in place for a rapid startup the following season. The field
team departed the continent 7 February 1983.

During the south polar summer, over 600 hours of data were
acquired representing more than one third of the entire season.

Figure 2 shows the coverage. The good observing weather oc-
curred in November and December, with the exception of one
excellent segment at the end of January. The large number of
days with weather suitable for astronomical observations seems
to be extraordinary for the South Pole (Stebbins and Wilson
1983).

The number, length, and distribution of data sets is crucial for
resolving the acoustic spectrum of the Sun. The distribution is
seen in figure 2; the number and length is displayed in figure 3.
The longest data set (23 on figures 2 and 3) is 115 hours, permit-
ting a frequency resolution of 2.4 millihertz. We know from
theoretical considerations that this should be sufficient to re-
solve the least dense region of the acoustic spectrum. However,
the extraordinary distribution will probably admit Fourier anal-
ysis of the entire season as a single data set with gaps, yielding a
frequency resolution of 0.15 millihertz. This resolution con-
stitutes a unique opportunity indeed for understanding the
Sun.

All but the last data set were previewed at the South Pole after
acquisition, and they appeared to be in good order. All 180 tapes
have been successfully returned to Sacramento Peak Observato-

// 3
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Figure 1. The telescope located near the Amundsen-Scott South
Pole Station during the 1982-1983 austral summer.
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Figure 2. Data set coverage during the 1982-1983 austral summer. The data set numbers are shown above the bar indicating duration. (Line art
courtesy of Sacramento Peak Observatory, Association of Universities for Research in Astronomy, Inc.)
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to which that set belongs. (Line art courtesy of Sacramento Peak Observatory, Association of Universities for Research in Astronomy, Inc.)

ry for reduction and analysis. The reduction (Stebbins and
Wilson 1983) consists of: (1) calibrating the data for detector
properties, (2) averaging the 1.0-second time grid into a 1.0-
minute time grid, (3) analyzing the brightness distribution at
the Sun's edge for manifestations of oscillations, and (4) Fourier
transforming the resultant time strings to produce power spec-
tra. The first three steps have already been applied satisfactorily
to about one third of the data.

After several sets of data have been reduced to power spectra,
analysis for the Sun's internal properties can begin. This will
involve such activities as mode identification and the deter-
mination of multiplet splitting. Once this work has been done,
the next phase will consist of a repeat analysis treating all of the
data sets as a single set with gaps.

This work was supported in part by National Science Founda-
tion grant DPP 80-01469. Sacramento Peak Observatory is oper-
ated by the Association of Universities for Research in Astrono-
my, Inc. under contract AST 78-17292 with the National Science
Foundation.
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Siple 21- and 42-kilometer antennas:
Measurement and performance

C. R. CARLSON

Starlab
Stanford University

Stanford, California 94305

This paper gives the performance of the 21-kilometer-long
and 42-kilometer-long very-low-frequency (VLF) dipole anten-
nas in operation at Siple Station, Antarctica. Extension of the
existing 21-kilometer center-fed dipole antenna to 42-kilometer
was completed during the 1982-1983 austral summer.

VLF transmissions began in Antarctica in 1965 with a 33.6-
kilometer dipole laid on the ice at Byrd Station (L = 7.25 earth
radii) and used jointly by Stanford University and the Univer-
sity of Washington. However, the geomagnetic latitude of Byrd
was found to be too high for receiving ducted transmissions in
the conjugate hemisphere (Helliwell and Katsufrakis 1974). Ac-
cordingly, the lower latitude site of the present Siple Station was
selected (L = 4.2 earth radii). A 21-kilometer horizontal dipole
antenna and a VLF transmitter were placed in operation there in
1972.

The 21-kilometer antenna is resonant near 5.1 kilohertz. This
resonance is near one-half the equatorial gyrofrequency on the
magnetic field line which passes through Siple. The new 42-
kilometer antenna has a one-half wavelength resonance near
2.49 kilohertz, which is near the center of the 1-4-kilohertz band
that has been found to be most promising for wave injection
experiments (Carpenter and Bao 1983). One of the main pur-
poses of the 42-kilometer antenna is to increase the number of
opportunities to observe interactions below approximately 2
kilohertz. At such frequencies interacting electrons have higher
energies and hence, when precipitated, can penetrate more
deeply into the lower ionosphere.

In January 1983, measurements of current and voltage were
made over the full lengths of both the 21-kilometer and the
extended 42-kilometer antennas. Figure 1 shows the measure-
ment procedure and antenna construction. The antenna is sus-
pended approximately 6 meters above the ice layer, from towers
spaced approximately 60 meters apart and set aproximately 1.5
meters into the ice. The top few meters of the old tower, which
with previous extensions penetrates approximately 20 meters
into the ice, can also be seen in figure 1. The ice layer is approx-
imately 1,900 meters thick and has been modeled as a dielectric
layer of low conductivity between the antenna and the con-
ducting rock layers below (Raghuram, mith, and Bell 1974).
Measurements were made at the first and second resonant
frequencies of both antennas and also at the third resonant
frequency of the 42-kilometer antenna.

The current in the 42-kilometer antenna and the voltage
between the antenna and the support tower are plotted in figure
2 for the second resonance frequency, 7.75 kilohertz. The volt-
age measurements showed high variance, including an "end
effect" voltage drop. Because the tower is not connected to a
ground plane, its potential is probably controlled mainly by the
ice near the tower. For this reason and because of external fields
coupled to the voltage measuring equipment, the voltage mea-

surements are difficult to interpret. The voltage between the
antenna and the old tower was also measured along with the
short-circuit current between the antenna and the new and old
towers. The two voltage measurements tended to be similar.
The maximum short-circuit current in the new tower was negli-
gible, while the maximum old tower short-circuit current was
approximately 3.5 percent of the maximum antenna current
apparently resulting from the increased tower-to-ice surface
area.

With the 10.5-kilometer extension on each end of the 21-
kilometer antenna in place but not connected, the maximum
current in the extension was approximately 0.025 percent of the
maximum current in the 21-kilometer antenna. This small value
was expected, because the extension is in the "shadow" of the
radiated field.

In the table the electrical properties of the antennas are given
at the various resonant frequencies. The table and figure 2 both
show that the two legs of the antenna are not symmetrical.
Measurements placed the electrical center of the short antenna
on the west leg of the antenna, approximately 60 meters from
the center taps. From the resonant frequencies and the length of
the antenna, phase velocities V. were calculated and were
found to increase with frequency thus providing information
on the dispersive nature of the system. The input impedance
values were measured using a bridge circuit within the lab and
represent the sum of the radiation resistance and the ohmic
losses of the total system. These losses include the energy
dissipated in the ice and rock and all other near field
components.

The standing wave patterns of the current measurements
were used to calculate a, the nepers per meter attenuation in the
complex propagation constant X = a + i 3, where 3 is the wave
number or phase shift constant. The losses are seen to increase
with frequency and are also greater on the west leg. The propa-
gation constant is known to be a function of environmental
changes. As the snow level changes, the input impedance and
resonant frequency also change. Also, over a period of less than
half an hour, 3 percent variations in the measured antenna
current were correlated with local weather changes.

El

Figure 1. Photograph showing the Siple very-low-frequency anten-
na and the technique used for measuring the various currents and
voltages.
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Electrical properties of the 21- and 42-kilometer very-low-frequency antennas

	Frequency	Impedance	a (in Nepers per	 13 (in rads	 V, (in kilometers
Configuration	 (in kilohertz)

	
(in ohms)
	

kilometer	 per kilometer)	 per second)

21-kilometer	 5.09
	

100
	

0.028 (east)
	

01.15
	 2.14 x 10

0.031 (west)
21-kilometer	 16.40	 535

	
0.039 (east)
	

0.45
	

2.30 x 10
0.041 (west)

42-kilometer	 2.49
	

75	 <0.014 (east)
	

0.75
	 2.09 x 10

<0.014 (west)
42-kilometer	 7.75

	
415
	

0.017 (east)
	

0.22
	 2.17 x 10

0.018 (west)
42-kilometer	 13.40

	
770
	

0.043 (east)
	

0.37
	

2.20 x 10
0.045 (west)

As a next step, the antenna measurements need to be com-
pared with rocket measurements (Kintner et al. 1983) and the-
oretical models (Raghuram etal. 1974) and a new, refined model
developed.

This work was supported in part by the National Science
Foundation grant DPP 80-22282. (The manuscript was prepared
by K. Faes.) Much credit is due to R. A. Helliwell, U. S. man,
D. Shafer, J . Green, and T. Wolf for their technical and experi-
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mental contributions, and to J. P. Katsufrakis for his efforts
toward the construction of the 42-kilometer antenna.
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Studies of the spectral broadening
effect with the Siple Station VLF

transmitter
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The Siple Station very-low-frequency (VLF) transmitter has
been used in the past to gain knowledge concerning wave-
particle interactions in the ionosphere and magnetosphere (Bell
et al. 1983;, Helliwell and Katsufrakis 1974). This knowledge is
essential in understanding processes which govern the life-
times of energetic particles in the Earth's environment.

While most of the data from Siple Station VLF wave-injection
experiments have been acquired at ground stations (notably
Roberval Station, which is magnetically conjugate to Siple Sta-
tion), in situ satellite measurements have been very important in
determining the properties of both the injected VLF waves and
the interacting particles (Bell, man, and Helliwell 1981; Bell et
al. 1983; Kimura et al. 1983). In the past, data acquired on both
high- and low-altitude satellites have indicated that most impor-
tant VLF wave-particle interactions took place at high altitudes
close to the magnetic equatorial plane.

However, recent low-altitude VLF wave-injection experiments
involving the Siple Station VLF transmitter, the Omega naviga-
tional transmitter in North Dakota, and the three satellites isis-i
(Canada), isis-11 (Canada), and ISEE-1 (United States) have dem-
onstrated the existence of a new phenomenon in which initially
narrowband (approximately 1 hertz) signals from ground-
based VLF transmitters undergo a significant frequency band-
width increase as they propagate through regions where ener-
getic electron precipitation is thought to take place. The effect
has been observed at satellite altitudes in the range 700-3,800
kilometers, on both upgoing and downgoing signals. The af-

fected transmitter signals lie in the range 4-20 kilohertz and the
frequency bandwidth can increase to as high as 10 percent of the
original frequency of the input signal. The bandwidth increase
occurs only in the presence of impulsive VLF hiss and/or a lower-
hybrid-resonance (LHR) (Laaspere, Johnson, and Semprebon
1971) noise band with an irregular lower cutoff frequency, and
only for signals whose frequency lies above the local LHR

frequency at the satellite location. Dispersion in the compo-
nents of the affected pulses suggests that the bandwidth in-
creases may be due to a Doppler shift effect in which the initial
signal scatters from plasma density irregularities at low al-
titudes and couples into quasi-electrostatic modes of short
wavelength. The large Doppler shift associated with these
short-wavelength modes produces a significant increase in the
bandwidth of the signal as observed on a moving satellite. Since
impulsive VLF hiss and irregular LHR noise bands have been
linked to energetic (E < 1 kiloelectronvolt) electron precipitation
in the past, it appears likely that the irregularities which scatter
the injected signals are produced by precipitating electrons (Bell
et al. In Press).

Satellite data acquired near the Omega, North Dakota, trans-
mitter indicate that the electric field intensity of spectrally
broadened pulses is approximately 5 decibels greater than that
of pulses in nearby "normal" regions.This finding suggests that
the spectral broadening mechanism may involve a plasma in-
stability which produces wave growth during the scattering
process. The free energy necessary for this instability is most
probably supplied by the precipitating electrons.

To study this new type of wave-particle interaction, special
telemetry equipment was installed at Siple Station in January
1982 so that VLF data from the isIs-i and isis-ii satellites could be
recorded at Siple when the subsatellite points of these space-
craft were within a few thousand kilometers of the station.
Short-path transmissions to the isis satellites were then made to
determine the dependence of the spectral broadening effect
upon the amplitude and frequency of the injected waves.

Examples of the spectral broadening effect are shown in
figures 1 and 2. Figure 1 shows a series of swept-frequency Siple
transmitter signals as received on the Isis-il satellite at a time
when the subsatellite point was near Siple Station. The upper
panel of part (a) shows six swept-frequency transmissions from
Siple when the local LHR frequency at the satellite was below 3
kilohertz. The lower panel of (a) shows the signals as transmit-
ted at Siple. The bandwidth of the received signals lie in the
range 200-500 hertz, approximately two orders of magnitude
larger than the nominal bandwidth of the transmitted signals.
The upper panel of part (b) shows six swept-frequency trans-
missions from Siple when the local LHR frequency was above the
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Figure 1. An example of the spectral broadening effect as observed on the isis-ii satellite. (a) The upper panel shows spectrally broadened
signals from the Siple transmitter as observed on the spacecraft. All signal frequencies are above the local lower-hybrid-resonance (LHR)
frequency. The lower panel shows the signals as transmitted at Siple Station. (b) The upper panel shows normal signals from the Siple
transmitter as received on the spacecraft. All signal frequencies are below the local LHR frequency. The lower panel shows the signals as
transmitted at Siple Station. ("UT" denotes universal time.)

highest transmitted frequency. The local LHR frequency is equal
to the lower cutoff frequency of the LHR noise band and is
marked by an arrow on the frequency axis at the beginning of
the spectrogram (Laaspere et al. 1971). The lower panel of (b)
shows the signals as transmitted at Siple. It is clear that the
bandwidth of the transmitted and received signals are
comparable.

Figure 2 shows an example of isis-i data at a time when the
subsatellite point was near Siple Station. The top panel shows
the wave electric field spectrum in the 0-10-kilohertz range. The
middle panel shows a portion of these data with higher fre-
quency resolution. The bottom panel shows the transmitter
format as recorded at Siple Station. At this time the transmission
format consisted of a series of pulses of 1-second duration that
were stepped in frequency to create up and down "staircases."
During the first 10 seconds, the pulses exhibit a narrow band-
width (less than 10 hertz), and each pulse is followed by a two-
hop whistler-mode echo of about 3-second duration which also

1983 REVIEW

exhibits a narrow bandwidth. Slightly past the 10-second mark,
the lower cutoff frequency of the [FIR noise band jumps in value
to approximately 4 kilohertz and becomes irregular. Starting at
this point, the received signals as well as the two-hop echoes
exhibit significant spectral broadening. Following the 25-sec-
ond mark, two pulses below the irregular MR noise band can be
seen to exhibit a normal bandwidth. This example shows that
upward and downward propagating signals can exhibit spectral
broadening at the same time.

Data such as those shown in the figures will allow a deter-
mination of the signal bandwidth as a function of wave ampli-
tude and frequency and will allow the measurement of the wave
intensity increase which occurs in regions of spectral broaden-
ing. Knowledge of these characteristics of the spectral broaden-
ing effect will aid our understanding of wave-particle interac-
tions in the ionosphere and low-altitude magnetosphere.

This research was supported under National Aeronautics and
Space Administration grant NGL 05-020-008.
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Figure 2. An example of the spectral broadening effect as observed on the isis-i satellite. The upper panel shows a 0-10-kilohertz spectrogram
In which the transmitter signals appear In "stairstep" format. The middle panel shows the same signals with higher frequency resolution. The
lower panel shows the transmitter format as recorded at Siple Station. The spectral broadening of the transmitter signals begins near the 10-
second mark as the lower-hybrid-resonance (LHR) noise band becomes irregular. ("UT" denotes universal time.)
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Observations of standing waves in VLF
hiss over Siple Station

R. BRITTAIN and P. M. KINTNER

School of Electrical Engineering
Cornell University
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During austral summer 1980-1981 three Nike-Tomahawk
sounding rockets (N-T 18.203-205) were flown from Siple Sta-
tion as part of a large-scale program in magnetospheric physics.
Both naturally occurring and artifically stimulated very-low-
frequency (VLF) radio waves and energetic particles were inves-
tigated by means of sounding rockets, balloons, and ground-
based instruments. An overview description has been given by
Matthews (1981) and Kintner, Brittain, and Kelley (1981). The
data analysis phase of this campaign is now far advanced, and
here we present some of the results of the wave data obtained on
the Nike-Tomahawk rockets.

At the interface of the neutral atmosphere and the
ionosphere, the electron density varies rapidly over distances
that are small compared to the wavelengths of VLF waves, and so

a combination of reflection, absorption, and transmission is
expected to occur across the interface. Evidence that downcom-
ing whistler mode waves do reflect has been provided by multi-
ple-hop whistlers and natural periodic emissions (Helliwell
1965). Various properties of the observed waves suggest that
reflection occurs at about 100-kilometer altitude.

On each of the flights, the electric and magnetic VLF receivers
on the rockets observed naturally occurring hiss in the frequen-
cy range 1.3-3.5 kilohertz, with a characteristic signature of
amplitude "stripes" on a conventional sonogram (frequency-
time plot) as shown in figure 1. These stripes showed a whistler-
like dispersion (frequency decreasing with time) on the upleg,
appearing first at an altitude of 90-95 kilometers and extending
for as much as 40 kilometers. On the down leg, the stripes were
observed at the same altitude but with the pattern reversed in
time. This may be understood if we interpret the stripes as a
spatial interference pattern through which the rocket flies. As-
suming a single wave-vector direction for the incident (down-
coming) VLF waves, reflection from a sharp gradient of refractive
index will produce a standing-wave pattern due to interference
of the incident and reflected waves above the reflection layer
(Brittain et al. 1983). No such patterns were observed by the VLF

receivers operating at the same time on the ground at Siple or at
the magnetic conjugate point.

Figure 1 shows an example of "stripes" from the upleg of N-T
18.205, taken as the rocket entered the ionosphere. An example

5
(a)
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Figure 1. Rocket N-T 18.205 up-leg data. (a) Sonogram of magnetic (x) channel. (b) Line drawing showing the position of the stripes in (a) and
identifying the Siple Station transmitter and a coincidental whistler. ('KHz" denotes kilohertz; "Km" denotes kilometer; "cw" denotes
continuous wave.)

1983 REVIEW	 275



8.204 (downeg)	 LANGMUIR PROBE CURRENT

LLJH

 -ow

0

-	0.030

I >-
0 0.025Z
w

0.020
0
uJ

0.015

h	 -	 .	. . _.-To	.,.	I	•. -	•. .-	,-	S	.	—

r	 ,r- -'	 t 4	.	- "I TI

	

L	 ilil; I
mom

1.

•\	.'!'

M 4
I
-

>- 3
0
Z
LU

D

0
LU

LL

125	120	115	110	105	100	95	90

ALTITUDE (km)
Figure 2. Rocket N-T 18.204 downieg data. Top: Langmuir probe data. Middle: i/Vt sonogram of magnetic (y) channel. Bottom: sonogram of
magnetic (y); linear height scale. ("Km" denotes kilometer; "kHz" denotes kilohertz; "p.A" denotes microampere.)

of downleg stripes (from rocket 18.204) is shown in figure 2
where we also show the output of a Langmuir probe experiment
(current is proportional to electron density). The data has been
plotted on a frequency-height sonogram and also as 1 divided
by the square root of the frequency (11\/f) vs. height, which
"linearizes" the stripes if the wavelength varies as 1/\/f (whistler
mode dispersion, see below). It can be seen here that the waves
appear to have reflected from an enhancement in the electron
density at 96-kilometer altitude.

This pattern of upleg and downleg stripes was observed on all
three of the rockets (with the exception of one downleg) and
appears to be a common feature of the lower ionosphere during
periods of VLF activity. If the interpretation as a standing-wave
pattern is correct, the stripe spacing should be related to the
wavelength of the waves and so permit a measurement of refrac-
tive index. In one example, we calculate n = 43.7 for a frequency
of 3.85 kilohertz, in good agreement with two independent
determinations of refractive index from the Siple Station trans-
mitter signal.

The appearance of the standing waves as seen by the rocket is
explained by assuming a quasilongitudinal approximation for
the refractive index of whistler mode waves in the ionosphere,

and setting the phase difference between incident and reflected
waves at height h above the reflection level to an odd-integer
multiple of 'ii (for a null in the pattern). We obtain, for a null of
order n:

h Vf = (2n + 1)cVfge F(O,4)
2fpe

where fg, is electron gyrofrequency, fpe is plasma frequency and
F(O,4) is a function of incident wave-vector angle and geomag-
netic dip angle. For a constant electron density and wave-vector
angle the right-hand side becomes a constant for fixed n (a
given null) and hence 1/Vf becomes a linear function of al-
titude. For certain conditions the function F varies rapidly with
incident wave-vector angle and so we conclude that the clear
observation of stripes to high order is evidence of a narrow
range of wave-vector angles in the hiss.

We acknowledge the collaboration of D. L. Carpenter at Stan-
ford University and J. C. Siren at University of Maryland in
analyzing this data. This research was supported by National
Science Foundation grant DPP 80-23968 at Cornell and grants DPP

80-22282 and DPP 80-22540 at Stanford.
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Siple Station VLF two-frequency
squelch experiments

ROBERT A. HELLIWELL

Starlab
Stanford University

Stanford, California 94305

bels both signals are suppressed roughly equally. Near this
region of mutual suppression there are sidebands at multiples
of A f, with the upper sidebands usually being stronger. On
many occasions half-harmonic sidebands are seen, usually be-
tween 12 and 12 + A f . An example is shown in figure 2, where z
f equals 40 hertz, with a half-harmonic appearing at 4,730 hertz.
This effect may be connected with the self-excited sidebands, or

kHz	R 	 II OCT 82	 1633UT

A surprising property of the Earth's magnetosphere is its
ability selectively to amplify coherent, as opposed to noisy,
very-low-frequency (VLF) whistler-mode signals by approx-
imately 30 decibels (10 decibel equals one order of magnitude in
power) and to trigger narrowband VLF emissions (Helliwell and
Katsufrakis 1974, 1978). We shall refer to this interaction as the
"coherent wave instability" (cwi). Although no complete theory
of the cwi is yet available, the required energy is believed to
come from radiation belt electrons through the mechanism of a
Doppler-shifted cyclotron resonance with circularly polarized
waves (Helliwell and man 1982). Theoretical work on this prob-
lem is difficult because of the highly nonlinear (e.g., generation
of new frequencies) character of the observed interactions. Ex-
periments conducted from Siple Station have therefore con-
tinued to play a key role in this field.

Because coherence of the driving signal plays a critical role in
amplification and triggering, new types of modulation experi-
ments are desirable. To meet this need a new transmitter (called
"Jupiter") with AM and FM capability was placed in operation at
Siple Station in 1979 to replace the smaller, less flexible Zeus
transmitter. The purpose of this article is to describe a new
Jupiter experiment in which two equal-amplitude signals at
frequencies 11 and 12 were observed to squelch one another
when 12 - 11 equals approximately 20 hertz. These new experi-
ments extend earlier results obtained using the limited FM
capability of the Zeus transmitter (Chang, Helliwell, and Bell
1980).

Examples of the transmitted and received signal spectra are
shown in figure 1, along with the average amplitude of the
received signal; 12 is varied up and down in steps of 10 hertz
between f I + 10 hertz and f + 270 hertz. The total signal
output is a maximum for A f equals 0 and then drops by more
than 20 decibels at A f equals approximately 20 hertz. With
further increase in A f the signal recovers first at 12 and then at
f . The two frequencies are virtually uncoupled for A I is greater
than 100-200 hertz. As the amplitude increases, triggering rate
and emission intensity both increase. AtA f equals 20-30 deci-

:: 
ff 

d:

05	15	25	35	45	55s

kHz	i

3.4

IM

dB

20

Figure 1. Two-frequency variable separation experiment. Upper
three panels show transmitted format, received spectrum, and re-
ceived amplitude (300-hertz filter bandwidth), respectively. Lower
three panels show the same formats but with expanded frequency
and time scales.
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f apart, which are amplified just like the driven signals to
produce the observed spectrum. The other effect is the suppres-
sion of a periodic emission by a similar preceeding emission
(Brice 1965). Such suppression decreases as the time between
events increases. Thus an instability may occur in which a
transient increase in one emission tends to reduce the next and
that in turn allows the next emission to be larger. The result is
the generation of a periodic wave train at double the beat period.
This idea was first used to explain the prevalence of three-phase
over two-phase periodic emissions. In the present instance (see
figure 2) such alternation in growth introduces a modulation
component at A f/2.

An understanding of these coherence effects is necessary to
the development of a comprehensive model of the cwi. This
work is expected to lead to new techniques for the measure-
ment and control of plasmas. In particular, it may be possible to
employ wave injection from the ground to measure electron
fluxes in the radiation belts without the use of satellites.

This work was supported in part by National Science Founda-
tion grant DPP 80-22282 and DPP 80-22540. The manuscript was
prepared by K. Dean.

The author acknowledges the contribution of Siple Station
winter engineers Tom Wolfe (November 1981 to January 1983),
John Green (November 1982 to present), and Dave Shafer
(November 1982 to present).

Figure 2. Half-harmonic generation by two carriers (marked by ar-
rows on left) spaced 40 hertz apart. The two carriers and their first-
order sidebands are shown by lines connecting the dynamic spec-
trum on left with the average amplitude spectrum on right. The
upper arrow of the right-hand spectrum marks the half-harmonic.
The effective bandwidth of the analyzing filter is 2 hertz.

pulsations, recently reported in association with a single-fre-
quency, nontriggering Siple signal (Park 1981), in which com-
parable modulation periods were observed.

An explanation of both the sidebands and the half-harmonic
can be found in two previously demonstrated effects. In one,
called "gap triggering" (Chang and Helliwell 1979), a 10-milli-
second gap in a single-frequency wave train launches a rising-
frequency emission which is often entrained by the driving
signal when it is switched back on. The result is a transient
fluctuation in amplitude and frequency. A similar effect may
occur at each null of the beat between 11 and 1, giving rise to a
non-sinusoidal modulation of both amplitude and frequency at

f . The resulting harmonics of A f are then added to f' and 12
giving rise to (and the resufling) sideband components, spaced
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Magnetic pulsation observatories have been in operation at
Siple Station, Antarctica, and at the magnetic conjugate location
Roberval, Quebec, for several years. The broad goals of this

program include study of the generation and propagation of
ultra-low-frequency (uLF) waves in the magnetosphere. In par-
ticular, comparison of wave spectra, amplitude, and polariza-
tion at opposite ends of a magnetic field line allows us to see
how well the observed waves resemble the waves predicted in
several theoretical treatments. In August 1981 the DE-1 satellite
was launched. One of the plans for this satellite was a period of
several months during which the trajectory near apogee would
carry the satellite parallel to the magnetic field lines near the
Siple magnetic latitude. From April through August 1982 the
satellite spent several hours during each 7-hour orbit close to
the Siple magnetic field shell. Once a day the orbit was also near
the Siple-Roberval longitude. During the 5-month period, we
found a number of events for which the Dynamics Explorer-1
(DE-1) satellite was in approximate magnetic conjugacy with
Siple and Roberval. One of these events occurred on 14 July
1982 and the Roberval record is shown in figure 1. The pulsa-
tions (approximately 200-second period) are particularly strong
in the x (north) component starting near 1835 and again near
1900 universal time (UT). A weaker response is seen in the Y

component and a small amplitude wave of about 40-second
period can be seen in both x and Y from 1850 to 1900 UT.

The Siple and Roberval magnetometers are search-coil instru-
ments, many turns of wire around a high permeability rod, so
the output is proportional to the time rate of charge of the
Earth's magnetic field (dB/dt) over the range 0.001 to 5 hertz
(Taylor et al. 1975). On the other hand, the DE-1 magnetometer
records components of B and pulsations of sufficient amplitude
can be observed over about the same range (Farthing et al.
1981). Figure 2 gives the response to the 14 July pulsation event
at DE-1. The first segment of the three-part event is strongest in
BO and Br (1832-1840 UT). The third segment (1900-1920 UT) is in
B4 (east-west) while the 40-second wave, relatively stronger

(nT/s)

X 

-4

4
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-4

4

Z 

-4

Rober Val	 14 July 1982	 dB/dt

1830	1840	1850	1900	1910	1920	1930
UT

Figure 1. Record of dBldt from Roberval, Quebec on 14 July 1982. The first segment of the wave event starts at about 1833 and the last segment
near 1855 universal time (UT). X is north, v east, and z up. ("nTis" denotes nanotesla per second.)
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Figure 2. Record of the same event at the DE-1 satellite near the
magnetic equator. ("ILAT" labels the field line that starts at, for
example, 62.60 latitude on the ground. "MLT" is magnetic local time.
"MLAT" is magnetic latitude. "BO" is in the main field direction; "Br"
Is radially outward; and "Bd" is east-west. "Lon" denotes
longitude.)

SIPLE

than at Roberval, is seen in Br and 134. The Siple record, figure 3,
has recognizable waves in each of the three segments men-
tioned above but the amplitude is lower than that seen at
Roberval.

Although firm conclusions await analysis of many other
events, some features of this single event merit discussion.

First, the observations at Siple, Roberval, and DE-1 support
the idea of the waves as a resonant oscillation of magnetic field
lines. DE-1 is not quite conjugate to the ground stations during
the event but is about 2 hours east of them so this indicates that
the waves extend over at least a 2-hour section of the magnetic
field shell. The waves start in the Be and Br components of the
satellite; there is an oscillation of the field magnitude indicating
a compressional wave. The compressional wave decays rapidly
and subsequent waves are principally transverse. The 240-sec-
ond wave, 1900-1920 UT, is an azimuthal, east-west wave at the
equator. The same three t\B4 pulsations of increasing ampli-
tude, 1858-1900 UT, are seen at Roberval in Bx, north-south,
1855-1905 UT. The 90° rotation of the plane of polarization agrees
with that predicted by Hughes and Southwood (1976) and
confirmed by Walker and others (1979).

Second, the 40-second waves are less distinct at the ground
stations than at DE-1 despite the increased high-frequency re-
sponse by the dB/dt detectors. Even shorter period waves,
10-20 seconds appear in the ground records shown since these
were recorded at 10 data points per second while the DE-1 data
shown were 1 point per 6 seconds.

14 JULY 1982
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Figure 3. The event at Siple. X is at top, v is in the middle, and z vertical. ("nTis" denotes nanotesla per second.)
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Third, the 40-second waves, unlike the 240-second compo-
nent are strong in ABr as well as AB. The polarization is linear
at about 45° to the magnetic meridian plane. The nature of this
component is not clear at present. It may be a harmonic field line
resonance, perhaps a 6th harmonic of the 240-second pulations.
If so, it is strange that its duration is only about 10 minutes.

Finally, the relatively weaker amplitude at Siple may be due to
low conductivity in the dark winter ionosphere at Siple in July.
Oscillating ionospheric E region currents, set in motion by the
field line resonance, are thought to be responsible for the pulsa-
tions observed on the ground. The sunlit ionosphere at
Roberval should have sufficient conductivity to allow substan-
tial oscillating currents while the low conductivity at Siple de-
creased the current amplitude and thus the ground pulsations.

L. J . Cahill and H. Dolben were in the field in January 1980.
This work was supported in part by National Science Founda-

tion grant DPI' 81-20957 and National Aeronautics and Space
Administration contract NAS 5-25398.
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Recent advances from studies of the
Trimpi effect

W. C. ARMSTRONG

Starlab
Stanford University

Stanford, California 94305

Very-low-frequency (VLF) wave observations first made dur-
ing austral winter 1963 at Eights Station appear to be leading to
an important new technique for studying transient aspects of
magnetospheric wave-particle scattering. The scattering effects
are made evident through electron density changes in the D

region of the ionosphere. In addition, a number of typical
ionospheric perturbation responses have been seen to occur in
less than 100 milliseconds during lightning discharges. Appar-
ently this is a new result; it may represent vertical transport of
charge upward into the ionosphere above a thundercloud, as
suggested by VLF probe signal data. Such a phenomenon would
be an important mechanism contributing to worldwide ex-
change of charge in the atmosphere.

The general method, which is based historically on the ex-
treme stability of subionospheric VLF propagation (Pierce 1957),
with corresponding high sensitivity to preturbations of the
ionosphere (Potrema and Rosenberg 1973), has been exten-
sively used in studies of both large-scale geophysical effects
caused by substorms, solar flares, and polar cap anomalies and
of propagation changes associated with the day/night termi-
nator. Ionospheric variations register such effects by causing
gradual phase or amplitude changes in VLF or other sub-
ionospheric signals. As we will discuss here, recent observa-
tions at Siple and Palmer Stations have shown that faster varia-
tions commonly occur and that significant gains can be made to
resolve further the time structure, altitude, and spatial extent
(latitude/longitude) of single events.

To apply the technique, radio signals propagating in the
Earth-ionosphere waveguide are monitored continuously, re-
corded, and then reproduced for laboratory study using a sys-
tem which is optimized to reject noise only to the extent neces-
sary to pass the particular ionospheric transients being sought.
This flexibility is important because of the rather wide variation
in noise background, especially in the case of impulsive spher-
ics at low frequencies, which sometimes require special pro-
cessing (Davis and Meyers 1976). The original Trimpi amplitude
changes (Helliwell, Katsufrakis, and Trimpi, 1973) are now
known to be representative of a basic transient process com-
posed of two parts: a rise time controlled by the source of the
perturbation and a decay time controlled by the equilibrium
dynamics of the electron population at an altitude characteristic
of the probe signal frequency.

Recent results have extended our knowledge of how the
perturbation details can be expected to vary when this sort of
ionospheric transient is caused by different kinds of magne-
tospheric waves. The waves induce pitch-angle changes of ener-
getic electrons which are precipitated into the lower ionosphere
after the interaction. Originally associated with whistlers on a
time scale with about 2-second resolution (Helliwell etal. 1973),
the VLF Trimpi amplitude changes are now routinely analyzed
to 100-millisecond resolution. Typically the perturbation rise
time is 200 milliseconds for whistler scattering with onset occur-
ring about 1 second after the spheric, and these parameters
repeat with little variation during a period which includes per-
haps 10 or 20 events. In one case, however, the perturbation
onset time was seen to drift slowly toward the whistler by
almost a full second during 45 minutes observing time, all other
characteristics remaining essentially constant. At present, such
changes are assumed to be due to secondary variations in the
details of pitch-angle scattering interactions caused by dif-
ferences among whistlers and in the energetic particle popula-
tion in the magnetosphere. Some rise times as long as a second
have been observed in which the scattering wave is a single,
well-defined whistler. Such cases are thought to result when the
precipitating particle bunch has been spread out in time as a
result of particles mirroring at the conjugate point before pre-
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cipitation. Generally, however, a slow rise is a cumulative effect
and occurs when several whistlers appear in rapid succession
(Armstrong in preparation; Helliwell et al. 1973) or analogously
when particles are precipitated during noise bursts (Dingle and
Carpenter 1981), which often have closely spaced elements.

Another recent advance has been the discovery of a new class
of Trimpi perturbations which show the typical decay time
(about 30 seconds) but very fast rise time (about 100 milli-
seconds), in effect a step change in amplitude. This occurs at the
time of a strong, broadband spheric which is usually received
later in the Antarctic as a whistler having strong extra-low-
frequency (ELF) components down to 300 hertz. One example
selected from about 25 such events observed at Siple Station is
shown in the figure, which emphasizes the initial step ampli-
tude increase of the subionospheric VLF probe signal (lower
panel); the full recovery is not shown. The spheric is aligned at
time T equals 0 and results in a whistler (upper panel at about T
equals 1 second) with a strong ELF tail, most of which has been
cut off at the right-hand edge of the spectrogram. Primarily
because of the similar decay time, these perturbations are also
thought to be caused by the deposition of excess electrons at D-

region altitudes, as in the case of magnetospheric scattering by
whistlers. Other mechanisms are possible, however, such as ion
effects below the normal D region or the Luxembourg effect, in
which radiofrequency radiation from the lightning discharge
process affects the D-region electron population directly, either
through non-ionizing or dissociative heating.

The literature contains several reports (Atlas 1958; Boys 1926;
Jones 1958; Malan 1937; Rumi 1957) of various kinds of currents

which may flow upward from clouds as part of the discharge
process accompanying lightning. Malan, who witnessed one
such discharge in the company of another observer, noted its
characteristics in detail (Malan 1937) and in a later work (Malan
and Schonland 1951) mentioned such a discharge again in con-
nection with slow (10-100 millisecond) electrostatic field
changes. These were observed separately from the rapid (1
millisecond) electrostatic field changes which occur during the
return strokes of visible lightning. Later, Brook, Kitagawa, and
Workman (1962) found that currents flowing during such con-
tinuing or c-field changes could transfer large amounts of
charge and thereby contribute significantly to the discharge
process. As Rao's (1967) discussion suggests, such c-processes
seem to be strong candidates for the major source of broadband
ELF radiation simply because other discharge processes are of
much shorter duration. Our Trimpi perturbation results indicate
the possibility of significant amounts of transferred charge and
accompanying whistlers and spherics show unusually strong
ELF components. The data were recorded 25 October 1980, dur-
ing a period when severe storm conditions were widely re-
ported over most of the northern Atlantic Ocean (U.S. Depart-
ment of Commerce 1981).

A more complete presentation of these results is being pre-
pared for future publication.

This work was supported by the National Science Foundation
grants DPP 82-22282, DPI 79-24600, and DPP 80-22540. Fieldwork
was conducted during the austral winter by P. Anaszkiewicz (in
1982), W. Armstrong (in 1979), J . Billey (in 1980),
M. Dermedziew (in 1980), B. Fortnam (in 1979), J . Green (1981),
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The amplitude of a 21.4-kilohertz very-low-frequency (VLF) signal (lower panel) propagated subionospherically from Annapolis, Maryland, to
Siple Station, Antarctica, shows a sudden Increase at the time of a spheric. VLF signals are reflected from the ionosphere at about 60-90
kilometers altitude, and because the amplitude change occurs in about 20 milliseconds in this case, a direct effect of lightning on the
Ionosphere seems to be implied. This particular discharge also has resulted in a whistler (upper panel) which arrives after slower propagation
through the magnetosphere. ("UT" denotes universal time; "khz" denotes Kilohertz; "ampl" denotes amplitude; "si" denotes Siple Station; "a"
denotes the initial amplitude and "1.2A" gives the scale.)
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M. Trimpi (1963), and T. Wolf (1982). The manuscript was pre-
pared by K. Faes.
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Suppression of natural VLF noise by
whistlers

W. B. GAIL

Starlab
Stanford University

Stanford, California 94305

Radio waves in the very-low-frequency (VLF) portion of the
electromagnetic spectrum (approximately 3-30 kilohertz)
provide a very useful tool for studying the Earth's magne-
tosphere. VLF waves originating in one hemisphere can propa-
gate outward along the Earth's dipole-like magnetic field lines
and return along the same field lines to the opposite hemi-
sphere. The transformation of the waves as they propagate
along these paths reveals much about the Earth's near-space
environment.

Lightning is a copious source of VLF wave energy. Lightning-
generated VLF waves are dispersed in frequency as they travel
through the magnetosphere; they arrive at the opposite hemi-
sphere as 1-2-second-long gliding tones known as whistlers.
VLF waves are also produced independently within the magne-
tosphere, often appearing as frequency-limited noise bands
which persist for several hours. It is believed that these waves
are produced by high-energy particles trapped in the Earth's
magnetic field.

It has been known for many years that whistlers can act as
triggers to generate some types of magnetospheric noise.
Helliwell and others (1980) demonstrated that whistlers can also
attenuate portions of these naturally occurring noise bands.

Broadband tape recordings of VLF noise at Siple Station in Ant-
arctica and Roberval in Quebec on 24 July 1977 showed distinct
reductions in the noise signal strength for a period of 10-20
seconds following a number of whistlers. A recent analysis of
data from South Pole, Palmer, and Byrd Stations in Antarctica as
well as Siple has revealed that this whistler-induced suppres-
sion process is far more common than previously suspected.
Data acquired at South Pole during 1981 showed suppression
events on 20 percent of all winter days; similar events have now
been identified on 5 percent of all days at Siple during 1977,
1978, and 1980.

Figure 1 shows a real-time chart recording of two typical
events observed at the South Pole during 1981. The amplitude
of the VLF noise in the 1-2-kilohertz band is plotted as a function
of time. The ambient noise amplitude indicates the level of
naturally occurring VLF noise. In both events, the arrival of a
whistler, indicated by a large impulsive increase in the chart
trace, was followed immediately by a transient reduction in the
natural noise level.

Figure 2 illustrates a similar event observed at Siple Station. In
figure 2a, an amplitude chart similar to that of figure 1 shows a
period of 10 minutes during which several events were ob-
served. Figure 2b is an expanded section of figure 2a for a
particularly well-defined event, and figure 2c is the correspond-
ing spectral record. In this event, a band of naturally occurring
noise in the range 2-4 kilohertz was suppressed for approx-
imately 10 seconds by the whistler that occurred at 1126:42
universal time. The decrease in noise level is indicated by the
reduced darkness of the 2-4-kilohertz band in the spectral rec-
ord and a similar reduction in the chart amplitude. Both records
show that the natural noise recovered to the pre-event level by
1126:52 universal time.

The similarity of other suppression events to these examples
and the high occurrence rate lead us to believe that noise sup-
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pression by whistlers is a relatively common magnetospheric
phenomenon. The evidence indicates (Helliwell et al. 1980) that
whistlers interact with the particles that are believed to produce
natural VLF noise. Theory predicts that particles should be scat-
tered out of their existing magnetospheric orbits during this
interaction (Roberts 1966). It is possible that such a change in the
particle population along the path results in the type of tran-
sient noise reduction that is observed.

The events observed at Siple on 24 July 1977 (figure 2) were
also correlated on a one-to-one basis with particle precipitation
events seen by a photometer. Particle precipitation is an area of
much interest, because it represents a mechanism for transfer-
ring energy from the magnetosphere to the ionosphere. Pre-
cipitation can create ionospheric irregularities that affect both
ground and satellite communications. The 24 July events from
Siple not only provide support for the wave/particle interaction
model but also suggest that suppression may be a driving mech-
anism for particle loss from the magnetosphere.

It is possible that suppression events are a natural analog to
the quiet-band effect (Raghuram et al. 1977), in which portions
of noise bands were found to be attenuated by Siple transmitter
signals. Both effects are particularly interesting because they
involve interactions between coherent and incoherent waves.
Present theories of wave/particle interactions use different mod-

els for coherent and incoherent waves, and it is hoped that
suppression events will help to reconcile these models.

This work was supported by the National Science Foundation
grants DPP 79-23171, DPP 79-24600, DPP 80-22282, and DPP

80-22540. Field work was conducted by W. Gail (1980-1981)
and, among others, W. Armstrong (1976-1977 and 1978-1979),
and J. Doolittle (1976-1977). The manuscript was prepared by K.
Faes.
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Whistler-induced perturbations of
broadcast band signals

DONALD L. CARPENTER, J. P. KATSUFRAKIS, M. L. TRIMPI

and M. DERMEDZIEW

Starlab
Stanford University

Stanford, California 94305

Since its discovery at Eights Station, Antarctica, in 1963 by VLF

(very-low-frequency) observer Michael Trimpi, the so-called
"Trimpi effect" (Helliwell, Katsufrakis, and Trimpi 1973) has
developed in importance as a method for studying the process
by which natural and man-made waves injected into the Earth's
magnetosphere induce particle precipitation events. In these
events, the motions of energetic electrons in trapped orbits
along the Earth's magnetic field are perturbed by waves in such
a way that the electrons become untrapped, reaching altitudes
near 100 kilometers or less, where they interact with the upper
atmosphere to produce enhanced regions of ionization. When
this happens at nighttime and near 80 kilometers, the patches of
enhanced ionization can induce disturbances in the observed
amplitude and phase of subionospherically propagating signals
from communication and navigation transmitters (e.g.,
Helliwell et al. 1973; Lohrey and Kaiser 1979). Thus the occur-
rence of a Trimpi event typically appears to a field observer as a
fast (approximately 1-second) change in the level of a signal, say

NSS (station call letters, Annapolis, Maryland) at 21.4 kilohertz,
at the time of reception of a lightning-induced whistler.

Recent research based on observations at Palmer and Siple
Stations has provided new information on the driving waves,
including, for example, evidence that the size of the sub-
ionospheric change is proportional to the amplitude of the
correlated whistler (Carpenter and LaBelle 1982).

While previous work has focused upon subionospheric sig-
nals in the 17-24-kilohertz range, a current observational pro-
gram at Siple and Palmer is devoted to study of Trimpi effects at
frequencies in the low- and medium-frequency (LF and MF)

bands from approximately 30 kilohertz to approximately 1
megahertz. The Antarctic is ideal for such work; the observable
spectrum is relatively uncrowded and hence there are relatively
few problems with multiple sources at frequencies of interest.

Trimpi event occurrences on a southern hemisphere source at
37.2 kilohertz are reported to be more frequent than on signals
near 20 kilohertz. Of particular interest is the fact that well-
defined perturbations have also been seen on 780- and 800-
kilohertz signals originating in South America. Figure 1 shows
an example of perturbations recorded at Palmer on a wide range
of frequencies from 12.9 kilohertz to 780 kilohertz. The top
record displays the phase of the Argentine Omega transmitter,
while the others show amplitude. On the first four records,
covering 12.9 kilohertz to 37.2 kilohertz, changes occur simul-
taneously and are consistent in sign within a given record. The
changes exhibit recovery time constants in the range approx-
imately 30-60 seconds as reported previously for signals near 20
kilohertz by Helliwell and others (1973). In contrast, the 780-
kilohertz record at first shows no clear changes until about 0546
universal time. Then mixed negative and positive changes oc-
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Figure 2. Palmer Station records showing the occurrence of fast
(approximately 2-second) amplitude changes on a 780-kilohertz
sublonospheric signal (top panel) coincident with the reception of

780kHz multi-component whistlers (0-10 kilohertz spectrograms). In the
upper part of the two expanded whistler records a voltage controlled
oscillator (vco) representing the 780-kilohertz signal is displayed on
a vertically compressed scale.

Figure 1. Section of chart record from Palmer Station showing si-
multaneous perturbations on subionospheric signals ranging in
frequency from 12.9 kilohertz (top panel) to 780 kilohertz.

cur until about 0600 universal time, after which the changes are
negative until the end of the record. The changes correlated
with those in the other records are large, on the order of 50
percent in amplitude, and are clearly much faster than most
other variations in the 780-kilohertz data. However, they are not
followed immediately by exponential decay to an approximately
pre-event level, as in the VLF-LF cases shown. Instead there are
brief periods of roughly constant amplitude which last approx-
imately 30 seconds or longer, followed, in this particular case,
by rising trends.

Figure 2 shows an example of a correlation between whistlers
and several strong perturbations in a 780-kilohertz signal re-
corded at Palmer. The upper two panels compare 780-kilohertz
signal amplitude with the 0-10 frequency-time spectrum of
whistlers recorded during a 2.5-minute period. Arrows above
the record show the times of signal-level chznges that coincide
with strong multi-component whistlers. Two of these whistler
events are shown on an expanded record below; their times of
origin are marked by arrows. The second event included two
closely spaced whistlers.

Wave reflection heights and conditions for reflection in the
ionosphere are frequency-dependent, facts that will permit us
to investigate properties of ionospheric perturbations as a func-
tion of altitude. There is much variety in the events in terms of
occurrence on multiple frequencies, observation at multiple
ground stations, and occurrence on paths from various great
circle directions. This information will be used in ongoing stud-
ies of the spatial distribution of the ionospheric perturbations
induced by individual whistlers.

This work was supported by the National Science Foundation
under grants DPP 79-24600 and DPP 80-22282. Fieldwork was
carried out by M. Trimpi, M. Dermedziew, J . Billey, J. Green,
and P. Anaszkiewicz. The manuscript was prepared by K. Faes.
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Services, support, other

U.S. observer team visits
foreign research stations

ALBERT S. CHAPMAN

Office of Oceans and Polar Affairs
Bureau of Oceans and international Environmental

and Scientific Affairs,
U.S. Department of State
Washington, D.C. 20520

The Antarctic Treaty promotes scientific inquiry throughout
Antarctica and the exchange of scientific information. It also
prohibits in Antarctica activities of a military nature, nuclear
explosions, and the disposal of radioactive waste. To ensure the
observance of all of these principles, article VII of the treaty
provides that each of the consultative parties of the treaty may
designate observers who shall have complete freedom of access
at any time to any or all areas of Antarctica.

This unique observation function is an important element in
the vitality of the Antarctic Treaty system. Teams of U.S.
observers have been sent to Antarctica at fairly regular intervals
since the treaty came into force in 1961. During the period 17
January to 10 March 1983 our team of four U.S. observers, the
seventh in the series, visited 14 foreign research stations in
Antarctica.

The decision to carry out an inspection at this time was made
by the Antarctic Policy Group, an interagency body which
provides guidance on U.S. policy in Antarctica. The policy
group concluded that this time our team should be sent around
East Antarctica, a sector of the continent which had not been
effectively visited since 1967. Some of the stations in this region,
so remote from the customary centers of activity for the U.S.
Antarctic Research Program (USARP), had never been visited.
Clearly, it was time to pay a call on them to maintain the
credibility of this confidence-building feature of the treaty
system.

In addition to myself as leader, our team included Ron
Gaiduk, a senior diplomat with remarkable linguistic talents;
Commander Maria Kazanowska, U.S. Navy, an oceanographer
and linguist; and Colonel John Raymond, a U.S. Army arms
expert assigned to the Arms Control and Disarmament Agency.
Kazanowska had been a member of the 1980 Observer Team,
but none of the rest of us had had previous experience in polar
regions. Ed Todd, Senior U.S. Representative in Antarctica,
undertook to remedy that by arranging a short but intensive
Antarctic orientation for us which included informal tours of
Amundsen-Scott and McMurdo Stations. In addition, we bene-

fited from informal visits to New Zealand's Scott and Vanda
stations, which gave us some useful practice in the business of
treaty inspection.

On 21 January we were welcomed aboard the usccc Polar Star
to begin our westward circumnavigation. This was our home
and base of operations during the Antarctic observation tour.
We shared it with a group of 13 scientists under the leadership
of Osmund Holm-Hansen of the Scripps Institution of
Oceanography.

All of the nations with research stations had been notified
through diplomatic channels that our team was in Antarctica,
but our intent to visit particular stations was not announced to
the stations until the previous evening by radio. Our method of
operation was to penetrate the coastal ice (if necessary) to within
helicopter range of the station, fly in for a visit of from 3 to 8
hours, and return the same day to the ship. By visiting in this
way, we hoped to minimize impact on the routine and resources
of our hosts.

For us team members the trip had some of the feeling of a
royal progress. We were welcomed everywhere with enthusi-
asm, because frequently our hosts had not seen a new face for
many months. After the serious business of the inspection
(asking about station activities, equipment, logistics, etc., and
taking a tour of the facilities) was over, our visit was often the
cause for celebration. We exchanged souvenirs and toasts and
shared the wish that such cooperation and friendship could
prevail elsewhere in the world.

During the 47-day circumnavigation, the Polar Star covered a
distance of approximately 7,500 nautical miles (westward from
McMurdo Station to Palmer Station—the long way). We visited
four Soviet stations (Leningradskaya, Mirnyy, Molodezhnaya,
and Novolazarevskaya), three Australian stations (Casey,
Davis, and Mawson), two Argentine stations (General Belgrano
II and Marambio), and one station each of France (Dumont
D'Urville), Japan (Syowa), South Africa (SANAE III), Federal Re-
public of Germany (Georg von Neumayer), and the United
Kingdom (Halley). Some are perched on rocky outcrops sur-
rounded by ice or glaciers and a few are on bare islands just off
the coast. Others are situated at the coast in areas miraculously
free of ice. Several sit on (or in) ice shelves with little to be seen
of them except ventilator shafts and antennas projecting above
the surface. All seem to have a rather tenuous toehold in this
inherently hostile environment.

A wide variety of research is in progress in East Antarctica,
varying according to the opportunities offered by the particular
location. Meteorological and upper atmospheric studies are
carried on practically everywhere, while glaciology, geology,
and biology are frequently seasonal and restricted to fewer of
the stations.

Nowhere did we find a reluctance to answer questions or a
hesitation about showing base facilities. The scientists were
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eager to explain their projects and the techniques and equip-
ment they used. In the absence of any evidence to the contrary,
we concluded that all stations we visited were complying with
the provisions and the spirit of the treaty.

Unexpected bonuses during the circumnavigation were the
brief encounters we had with the Indian and West German
Antarctic expeditions. We found that the Indians had estab-
lished a summer base on the edge of an ice shelf near the USSR'S
Novolazarevskaya Station. They came aboard the Polar Star
briefly at the invitation of our captain and, in turn, invited us to
visit their encampment, but we were pressed for time and
regretfully declined.

The West German polar research vessel Polarstern, on its
maiden voyage to Antarctica, was encountered far south in the

Weddell Sea near the end of our trip. We exchanged visits across
the ice floe in which both ships were parked, and the German
scientists showed us their remarkable vessel with modest but
justifiable pride.

The highly successful Treaty observation program was accom-
plished at some cost to the scientific projects using the Polar Star
as a platform. However, our ship made such good progress (due
partly to extraordinarily favorable ice and weather conditions)
that toward the end of the tour approximately 10 days could be
devoted solely to scientific activities. We observers were happy
that our scientist friends finally had their innings. Throughout
the cruise the Coast Guardsmen showed their professionalism
and their interest in all the projects. We greatly appreciated this,
as well as the room they made for us in a crowded vessel.

Polar Research Board:
Antarctic-related activities June 1982

to June 1983

W. TIMOTHY HUSHEN and BERTITA E. COMPTON

National Research Council
National Academy of Sciences-National

Academy of Engineering-National
Institute of Medicine
Washington, D.C.

The Polar Research Board is a multidisciplinary body whose
members* include representatives of earth, ocean, and at-
mospheric sciences, climate research, biology and medicine,
and engineering and are drawn from academic, industrial, and
governmental organizations. In fulfilling its dual mandate to
advise federal agencies on research in polar regions and to
participate in the Scientific Committee on Antarctic Research
(SCAR) of the International Council of Scientific Unions (Icsu) on
behalf of the National Academy of Sciences, the Board conducts
a wide range of studies and ensures representation of the U.S.
polar science community in a variety of meetings and planning

*C . R. Bentley (Chairman), Vera Alexander, J. 0. Fletcher, W. L. Gates,
B. C. Gerwick, Jr., R. M. Goody, A. L. Gordon, H. 0. Jahns, P. L.
Johnson, A. H. Lachenbruch, L. J . Lanzerotti, C. M. Pierce, J. G.
Roederer, E. F. Roots, R. H. Rutford, and D. B. Siniff. Ex officio: J. H.
Zumberge, U.S. Delegate to SCAR; M. F. Meier, Chairman, Committee
on Glaciology; J. Brown, Chairman, Committee on Permafrost. U.S.
Representatives to SCAR Working Groups: R. W. Risebrough, Biology;
R. B. Southard, Geodesy and Cartography; D. Elliot, Geology; C. B.
Bull, Glaciology; C. M. Pierce, Human Biology and Medicine; A. N.
Fowler, Logistics; G. Weller, Meteorology; C. R. Bentley, Solid Earth
Geophysics; L. Lanzerotti, Upper Atmospheric Physics. Staff: W. Tim-
othy Hushen, Executive Secretary; Bertita E. Compton, Staff Officer;
Muriel A. Dodd, Administrative Assistant.

activities of SCAR and of other international organizations with
polar interests. During the past year, the Board met twice, and
its committees and ad hoc study groups held 15 meetings. The
Board also published 11 reports—eight on special studies and
activities and three annual reports. The primary activity of the
Board was preparation of a report recommending research di-
rections for the U.S. Antarctic Research Program. Work con-
tinued on the "Polar Research—A Strategy" series of studies
through which the Board is recommending directions for polar
research over the next 2 decades.

Domestic activities. A principal activity of the Board during
1982 and early 1983 was preparation of a report responding to a
request from the National Science Foundation's Director of Polar
Programs for recommendations on a core program of antarctic
research. Research Emphases in the U.S. Antarctic Program (in
press) identifies major scientific questions in four broad areas of
polar science: marine and terrestrial biology; climatic variability;
geodynamic, stratigraphic, and glacial history of Antarctica;
and the upper atmosphere and near-earth space. The Board
established priorities among these questions and recom-
mended a set of eight large-scale projects and several smaller
projects through which groups of questions could be ad-
dressed. It further recommended that the U.S. Antarctic Pro-
gram include certain continuing activities, such as collection of
meteorites, monitoring and data-collection, and mapping. The
report also addresses science-support aspects, including data
management, international coordination, and facilities and in-
strumentation. In particular, it calls for support systems permit-
ting longer operating seasons and covering wider geographic
areas. It proposes a more flexible array of modes of transporta-
tion and support, a winter "fly-in," and an alternate-year-field-
program mode of operation.

The series of studies, Polar Research—A Strategy, initiated by
the Board in 1980, continued during the past year. To date the
following reports have been published: An Evaluation of Ant-
arctic Marine Ecosystem Research; Study of the Upper Atmosphere and
Near-Earth Space in Polar Regions: Scientific Status and Recommen-
dations for Future Directions; Polar Biomedical Research—An Assess-
ment, with an appendix, Polar Medicine—A Literature Review;
Snow and Ice Research: An Assessment; and Permafrost Research
Needs and Priorities for the 1980's (See also Antarctic Journal of the
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U.S., Volume 17, No. 5, 1982 Review Issue. Work continued on
The Polar Regions and Climatic Change and on Antarctic Solid-Earth
Geosciences, a new study on southern ocean physical and chemi-
cal oceanography was initiated, and plans for additional studies
in the "strategy series" were considered.

In its report, published in September 1983, the Committee on
Polar Biomedical Research pointed out that even if most U.S.
polar biomedical research is conducted in the north polar zone,
a biomedical program in the Antarctic would be useful, par-
ticularly if it could be conducted in conjunction with programs
the United States already sponsors in Antarctica. Comparative
medical investigations could be undertaken in both polar zones
to determine possible hormonal alterations, changes due to
photoperiodicity, sleep habits, and clinicallsubclinical hypo-
thermia. Work, light, and exposure to cold in the two polar
zones could be contrasted to explore physiological and psycho-
logical changes. Further, special ergonomic studies in the Ant-
arctic might indicate the extreme limits for human performance
under climatic duress. For human biology, field experiments in
the Antarctic represent controlled studies with a selected, tran-
sient population, which is almost entirely white, adult, and
male, whereas the arctic "laboratory" is far less controlled.

The Committee on Glaciology also completed its "strategy"
report, Snow and Ice Research: An Assessment (in press in May
1983) in which it reviewed research in this field over the past
dozen years and recommended directions and priorities for
future research. The Committee organized its highest priority
recommendations in two broad categories: (1) the interaction of
snow and ice with past and present climate, and (2) the direct
impact of snow and ice on society. It also considered needs for
facilities and instrumentation, logistics, data management, and
international cooperation associated with the recommended
goals and priorities.

In addition, the Committee developed plans for a workshop
to be held in Madison, Wisconsin, 5-7 July 1983, immediately
following an international symposium on ice and climate mod-
eling at Northwestern University. The subject of the Commit-
tee's workshop is "Potential CO2-Induced Changes in the En-
vironment of West Antarctica." The objective is to bring those
engaged in developing climate models together with those en-
gaged in research on glaciers and sea ice for an exchange of
information and thereby improve coordination of observational
and modeling efforts and climate model simulations.

Another report in the "strategy" series Permafrost Research
Needs and Priorities for the 1980s (in press) was completed during
the past year, while work continued on The Polar Regions and
Climatic Change. The latter will deal principally with (1) polar
energy transfer processes and their effects on global climatic
fluctuations; (2) polar sources (e.g., glaciers, ocean sediments)
of information on past climates; and (3) concerns for the future,
such as responses of glaciers and marine ice to climatic
variations.

A new study in the "strategy" series, which began in Febru-
ary 1983, focuses on antarctic solid-earth geosciences research
and is chiefly concerned with the evolution of (1) the crust of the
antarctic continent and adjacent seafloor, and (2) the antarctic
environment, including climate and biota. These topics will be
approached from the perspectives of potential resources,
geodynamics, global climate, and modern geological processes.
The Committee expects to suggest research needs in three crit-
ical transect zones.

In addition, the Board initiated a new study of antarctic phys-
ical and chemical oceanography to meet the need for redefini-

tion of priorities and of future directions as the period covered
by the 1974 report on southern ocean dynamics draws to a close.
The Polar Research Board is cooperating with the Ocean Sci-
ences and Policy Board in the organization of this study.

International activities. Activity in 1982 centered on the Seven-
teenth Meeting of SCAR in Leningrad, U.S.S.R. 5-9 July. U.S.
delegates were James H. Zumberge and Charles R. Bentley. In
addition to the meetings of delegates, the Working Groups on
Biology, Logistics, and Upper-Atmosphere Physics met, and a
Symposium on Logistics was held. James H. Zumberge was
elected to a 4-year term as president of SCAR at this meeting, and
W. Timothy Hushen was appointed to the SCAR Finance
Committee.

The SCAR Group of Specialists on Antarctic Climate Research
presented its report on the results of its survey of Antarctic
Treaty nations to determine activities relevant to the World
Climate Research Program and its recommendations for contri-
butions to the program.

The SCAR Group of Specialists on Antarctic Environmental
Implications of Mineral Exploration and Exploitation, for which
Board member Robert H. Rutford serves as Convenor, con-
tinued work during 1982 and early 1983 on a report to SCAR that
will be submitted in summer 1983.

Planning for the Second Biological Investigations of Marine
Antarctic Systems and Stocks (BIOMASS) Experiment (SIBEX),
scheduled for December 1983-March 1985, continued during
the past year, with representatives of the U.S. research com-
munity taking an active part in developing these plans. The
SCAR Group of Specialists on Southern Ocean Ecosystems and
Their Living Resources, which is convened by Sayed Z. El-
Sayed, advises on the BIOMASS Program. The Polar Research
Board, with support from the National Science Foundation,
selected and supported U.S. scientists to participate in interna-
tional scientific and planning meetings related to BIOMASS, as
well as provided the U.S. contribution to the International BlO-
MASS Fund. The Board hopes to obtain funding for the U.S.
contributions for the years 1983, 1984, and 1985, that is, up to
the time of the scheduled review of the BIOMASS organization
and program in 1986.

The SCAR Working Group on Oceanography was disbanded
at SCAR xvii and a new group was subsequently organized under
the Scientific Committee for Oceanic Research (SC0R). Board
member Arnold Gordon serves on this new body—SCOR
Working Group 74 on the General Circulation of the Southern
Ocean. The Group expects to produce a report in 1984 that will
delineate gaps in knowledge of the general circulation of the
southern ocean and suggest research programs of chemical and
physical oceanography that might address these needs. Arnold
Gordon also participated in the Fourth Session of the Pro-
gramme Group for the Southern Oceans of the UNESCO
Intergovernmental Oceanographic Commission, which met in
March 1983 in Paris.

The Working Group on Human Biology and Medicine held
an informal meeting in conjunction with the International Bio-
medical Expedition to the Antarctic workshop, in Paris, France,
in January 1983. The results of the workshop will be presented
at the Fifth International Symposium on Circumpolar Health, to
be held in Alaska in May 1984. Board member Chester M. Pierce
has advised and assisted the organizing committee for this
symposium.

Two other SCAR Working Groups, on Geology and on Solid-
Earth Geophysics, also met following the Leningrad meeting.
Charles R. Bentley and David H. Elliot participated in these
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sessions, both of which took place in Adelaide, Australia, in
August.

In addition to these activities and many others in which Board
members took part, the Board published its 24th annual report
to SCAR on U.S. antarctic research activities and its 13th report
on earth sciences investigations in the U.S. Antarctic Research
Program. The latter is a special project of the SCAR Working
Group on Geology, with U. S. member David H. Elliot taking the
lead in surveying the U.S. research community for input to this
annual catalog. U.S. representatives to other SCAR Working
Groups have agreed to explore with their respective groups the
possibility of issuing similar listings of research and related
publications.

The Board devoted much of its fall 1982 meeting to considera-
tion and preparation of a U.S. response to a set of recommenda-
tions to Antarctic Treaty Nations from SCAR XVII, which ap-
peared in SCAR Circular 464. These recommendations were

directed to a number of publication and information-exchange
activities, logistic matters, the amount of national contributions,
Sites of Special Scientific Interest, and related concerns. During
1983, the Board will begin developing a U.S. position on matters
to come before SCAR XVIII in 1984.

The work described in this report was supported by two
National Science Foundation grants DPP 82-07098R and
DPP 79-27065), with contributions from the National
Oceanic and Atmospheric Administration, the Office of
Naval Research, and the Department of Energy, and by
grants from the Department of Defense, the U.S. Geo-
logical Survey, and the Andrew W. Mellon Foundation.
Additional information is available in the Polar Research
Board Annual Report 1982 and Future Plans, available from
the Polar Research Board.

Antarctic marine geology research
facility and core library, 1982-1983

DENNIS S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

A chronicle of the year's activities (1 June 1982 to 31 May 1983)
by staff of the Florida State University's (FSu) Antarctic Marine
Geology Research Facility and Core Library is primarily a record
of the distribution of samples, the receipt and processing of new
materials, and core-describing.

During this period, a total of 2,161 samples were distributed
to 17 investigators representing 12 institutions in Japan, Swe-
den, and the United States. Distribution was made on the basis
of 33 separate requests, and samples were taken from 349 indi-
vidual piston, trigger, Phleger, and drill cores and grabbed,
trawled, and dredged specimens. The following specifies sam-
ple sources.

USNS Eltanin: 898 samples from 124 piston cores collected
aboard 27 of the 47 coring cruises of this vessel; 24 samples from
24 trigger cores of one cruise and 21 samples from four Camp-
bell grabs and four Blake trawls of two cruises.

ARA Islas Orcadas: 542 samples from 62 piston cores repre-
senting each of the five coring cruises and four samples from
four trigger cores of one cruise.

International Weddell Sea Oceanographic Expedition (IwSOF): 472
samples from 12 piston cores and two Phleger cores retrieved
aboard the 1968, 1969, and 1970 IWSOE cruises of USCGC Glacier.

Operation Deep Freeze 1980 (USCGC Glacier): 12 samples from
one piston core recovered in the Ross Sea.

Operation Deep Freeze 1981 (USCGC Glacier): 8 samples from two
piston cores retrieved from the eastern Amundsen Sea.

Operation Deep Freeze 1982 (usCcc Glacier): 73 samples from 72
piston cores and 26 samples from 26 bottom grabs recovered
from a variety of locations off both coasts of the northern Ant-
arctic Peninsula.

Ross Ice Shelf Project (RIsP): 49 samples were removed from 8 of
the 47 gravity cores recovered through the 1978-1979 RISP J-9
drill hole.

Dry Valley Drilling Project (DVDP): 40 samples were distributed
from frozen drill cores of 4 holes (DVDP 4A, 12, 13, and 14).

Inventory records indicate that a total of 179,811 samples have
been removed, recorded, and distributed from the FSU
collection since the beginning of the program in 1962. Of these,
the majority (169,222, or 94 percent) are from USNS EltaninlARA
Islas Orcadas cores and dredge hauls. The remainder (10,589
samples) are from DVDP, RISP, IWSOE, Deep Freeze, and arctic
core sediments and grab samples. (Note: These totals do not
include: (1) the removal of minuscule amounts of sediment
used in the preparation of smear slides required for core-de-
scribing; (2) similar samples removed for reconnaissance work
by visiting investigators, or (3) samples removed prior to 1962
from any of the early Deep Freeze cores received at FSU by a
resident principal investigator. Samples in these categories are
estimated to number about 16,000—an average of one sample
per meter of core housed at the facility.

A major effort of the year's curatorial program involved the
transfer, on loan, of more than I metric ton of sediment to
project scientists at Rice University for on-site analyses and
whole-core X-radiography. The shipment included one-half of
each core section of all cores recovered during Operation Deep
Freeze 1981 (eastern Amundsen Sea and Bransfield Strait) and
1982 (northern Antarctic Peninsula) aboard USCGC Glacier, as
well as several piston cores recovered aboard cruise 1678 of ARA
Islas Orcadas. (Archival core halves remain in storage at the
facility; the distributed core halves will be returned to storage
approximately 1 year from the date of transfer. Prior to transfer,
each core half was inspected for macroscopically visible compo-
nents such as macrofossils, nodules, sedimentary clasts, and
rocks. These features were recorded for inclusion in the final
sediment descriptions ., currently in progress.)
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The acquisition of new specimens includes the May 1983
receipt of 17 piston cores (22 meters), 37 subcores (15 meters)
from box cores, and 20 grab samples, all of which were re-
covered by John B. Anderson (Rice University), and David J.
DeMaster and Charles A. Nittrouer (North Carolina State Uni-
versity) aboard USCGC Glacier in the Ross Sea-Sulzberger Bay
area during Operation Deep Freeze 1983.

Also received during May were approximately 120 meters of
frozen AX drill core from six holes in southern Victoria Land's
eastern Taylor Valley (ETV). These sediments, recovered by Do-
nald P. Elston's (U.S. Geological Survey) field team, supple-
ment the 1,147 meters of DVDP (1,100 meters, Cassidy 1981) and
ETV (47 meters; Elston, Robinson, and Bressier 1981) drill core
shipped previously to FSU.

Transferred to the facility from the University of Connecticut
were approximately 70 kilograms of rocks collected during the
1968 and 1969 IWSOE cruises of USCGC Glacier. Retrieved at 33 ship
stations in the Weddell Sea, these specimens were recovered
using a Van Veen grab sampler, a small biological trawl, an
anchor dredge, and an epibenthic sled (Dale 1968; Rankin,
Clark, and Biernbaum 1969).

Specimens returned to the collection include 141 frozen,
whole-core segments (150 kilograms) of DVDP drill core that
were distributed in 1976 to the University of Wyoming for
thermal conductivity measurements (Bucher 1980).

Core-describing was completed of the 21.28 meters of piston
core (12 cores) recovered aboard USCGC Glacier during Operation
Deep Freeze 1981, as was the printing and distribution of a
volume of core descriptions for these sediments (Kaharoeddin
et al. 1983). This volume, the twelfth in a series of core descrip-
tion volumes produced by staff of the Antarctic Research Facili-
ty (Goodell 1964, 1965, 1968; Frakes 1971, 1973; Cassidy et al.
1977a, 1977b; Kaharoeddin 1978; Kaharoeddin et al. 1979, 1980,
1982), supplements earlier volumes of Deep Freeze sediment
descriptions prepared by Anderson and others (1981) and Kel-
logg and others (1981).

The next volume in this series will present the descriptions of
sediments recovered aboard USCGC Glacier during Operation
Deep Freeze 1982. These sediments comprise 119 grab samples
and 315 meters of piston and trigger cores, of which approx-
imately 60 percent have been described. Upon completion,
core-describing is planned for Deep Freeze 1980 (partially de-
scribed) and 1983 specimens.

Curatorial activities at the Antarctic Research Facility are sup-
ported by National Science Foundation contract C-1059.
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IWSOE and Operation Deep Freeze:
A curatorial review of the sediment

collections

DENNIS S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

This is the fourth in a series of articles reviewing the curatorial
status of a major component of the sedimentary collections
housed at the Florida State University's (FSu) Antarctic Marine
Geology Research Facility and Core Library. Past reviews have
summarized project collections of USNS Eltanin (Cassidy and
Shepley 1977), ARA Islas Orcadas (Cassidy 1980), and the Dry
Valley Drilling Project (Cassidy 1981). This review is concerned
with a collection of piston, trigger, and Phleger cores, and
grabbed, trawled, and dredged specimens retrieved since 1968
from bottom sediments of the antarctic continental margin and
shelf seas aboard 10 cruises of USCGC Glacier and one cruise of
USCGC Burton Island. (Prior to 1968, during which year the FSU

curatorial program was formally established, a variety of gravity
cores and grab samples were collected by several United States
vessels operating in coastal waters of the antarctic continental
margin during the early Deep Freeze expeditions of the 1950s
and 1960s. Although many of the recovered specimens were
directed to the FSU Department of Geology for study by a resi-
dent investigator, most were used in their entirety for purposes
of laboratory analysis, and no formal records exist regarding
total meterage and numbers of cores received, or of samples
distributed from them.)

Projects (since 1968) from which specimens have been re-
ceived are those of the International Weddell Sea
Oceanographic Expeditions (IwsoE) of 1968, 1969, and 1970,
and Operations Deep Freeze 1975 (Amundsen Sea), 1976 and
1978 (Ross Sea), 1979 (Dumont d'Urville Sea), 1980 (western
Ross Sea), 1981 (Bransfield Strait and Amundsen Sea), 1982
(northern Antarctic Peninsula), and 1983 (Ross Sea-Sulzberger
Bay area). Operation Deep Freeze 1975 was carried out aboard
Burton Island; all other projects used Glacier. Figures 1 and 2
show the general locations of the areas of sediment recovery.
Precise location data for recovered specimens appear on maps
and in tables that accompany the core description volumes and
related literature.

Liner-encased IWSOE and Deep Freeze core sediment totals
nearly 1,000 meters (426 piston, 70 trigger, and 15 Phleger cores;

Figure 1. Shown in black are the areas (indicated by arrows) of sediment recovery for projects discussed in this report. (See figure 2 for
recovery areas of Operation Deep Freeze 1975 and 1981.)
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Figure 2. Location map for piston cores recovered aboard USCGC Glacier, Operation Deep Freeze 1981 (Kaharoeddin et al. 1983). Also shown is
the location (Indicated by star) of single grab sample received from Operation Deep Freeze 1975, eastern Amundsen Sea.

approximately 6 percent of the total meterage of cores stored at
the facility), with the extent of core recovery ranging from 11.45
meters of Phieger cores (15 cores) during IWSOE 1968 to 315
meters of piston (143 cores) and trigger (6 cores) cores during
Operation Deep Freeze 1982. (Cores were received from ten of
the eleven cruises; only one grab sample was received from
Operation Deep Freeze 1975.)

Dredged, trawled, and grabbed specimens were retrieved
aboard seven cruises (IwsoE 1968 and 1969, and Operations
Deep Freeze 1975, 1979, 1980, 1982, and 1983) at 335 ship sta-
tions. The majority (approximately 90 percent) are grab samples
consisting of fine grain sediment and/or gravel. These samples
are stored in plastic bags and average approximately 150 cubic
centimeters per sample. The remaining 10 percent, recovered
from the Weddell Sea aboard Glacier during IWSOE 1968 and
1969, constitute about one-half of the total weight of specimens
in this category. The IWSOE specimens consist of glacial erratic
boulders, cobbles, and pebbles recovered by the epibenthic
sled, Van Veen grab, anchor dredge, and small biological trawl
(Dale 1968; Rankin, Clark, and Biernbaum 1969).

To 31 May 1983, 5,383 samples have been distributed from the
IWSOE and Deep Freeze collections. This total does not include:
(1) the removal of small amounts of sediment used to prepare
smear slides for descriptive purposes; (2) the removal of sam-
ples from the sediments prior to their receipt at FSU, or (3) the
disposition of samples from any of the cores or other specimens
recovered by the early Deep Freeze expeditions of the 1950s and
1960s.

Three volumes of sediment descriptions have been com-
pleted for project materials (Anderson et al. 1981; Kaharoeddin
et al. 1983; Kellogg et al 1981). A fourth volume is in preparation
for sediments recovered during Deep Freeze 1982. Preliminary
descriptions are available for Deep Freeze 1980 piston cores.
Additional volumes are planned for Deep Freeze 1983 and sub-
sequently collected sediments.

The intensity during recent years of an unprecedented as-
sault upon the sedimentary record of the western antarctic
continental margin, particularly by project scientists at Rice
University under the direction of John B. Anderson, is reflected
by an abundance of documented results. A comprehensive
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bibliography of publications, including theses, dissertations,
and core description volumes are concerned with the results of
analyses performed upon samples that have been distributed
from IWSOE and Deep Freeze sediments (including those that
were recovered by the early Deep Freeze expeditions of the
1950s and 1960s), has been prepared. Copies of this bibliogra -
phy, currently listing 108 references, are available upon request
to the curator of the Antarctic Research Facility.

A majority of the entries are publications based upon labora-
tory and/or field analyses and observations made by their au-
thor(s), whereas others are either review articles which sum-
marize the status of knowledge concerning collected materials,
or are publications concerned primarily with studies of inde-
pendently collected specimens, but which incorporate IWSOE/
Deep Freeze sediment data published by other authors.

Not included in the bibliography are: (1) abstracts; (2) articles
appearing in this issue of the Antarctic Journal of the U.S.; (3)
summary articles reviewing the status of yearly activities of the
FSU Antarctic Research Facility's curatorial program; (4) a very
limited number of publications concerning sediments collected
during the U.S. Navy's Operation High Jump of 1946-1947, or
(5) project summaries that appeared in various issues of the
Bulletin of the U.S. Antarctic Projects Officer, a precursor to the
Antarctic Journal of the U.S. Almost all of these, however, are
referenced in one or more of the publications appearing in the
bibliography, and each of them provides valuable historical
information related to the development of the modern-day,
:ontinuing program of exploration aboard Deep Freeze vessels.

Funding in support of the FSU curatorial program has been
provided by National Science Foundation Division of Polar Pro-
grams contracts C-564 and C-1059.
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Biological services and collections

B. J. LANDRUM

Smithsonian Oceanographic Sorting Center
Smithsonian Institution

Washington, D. C. 20560

The Smithsonian Oceanographic Sorting Center's primary
goal is to aid researchers by encouraging systematic studies and
related analyses of biological collections. To accomplish this, the
staff is organized to receive, record, sort, and curate fauna and
flora, especially those collected from mariie environments.
After samples are sorted into basic taxonomic groups, the or-
ganisms are shipped to specialists throughout the world for
study. To facilitate analyses of the antarctic biota, nearly all of
the marine samples collected by grantees and contractors of the
U.S. Antarctic Research Program (usARI') have been processed
at the Sorting Center since 1964. These antarctic and suban-
tarctic biological collections comprised nearly 6,000 samples of
zooplankton, benthic invertebrates and algae, and a few collec-
tions of fishes.

Most of the antarctic samples have undergone the sorting
process, resulting in about 102,500 lots containing nearly 21

million specimens that have been classified and prepared for
specialists to analyze. Each of the taxonomic groups found in
the samples is entered in a computer data base during process-
ing. This creates a complete and readily accessible inventory
and provides for selective retrieval of records and specimens
with single or multiple specifications of taxa and sampling pa-
rameters. Many of the sorted collections have been requested
by and sent to specialists in various taxonomic groups; approx-
imately 250 researchers have used the collections.

In the past year, 920 antarctic samples were processed, in-
cluding new benthic invertebrate samples taken during RIv Hero
cruise 82-4 and some older samples. Approximately 192,400
specimens were prepared for shipment and storage; that
number includes the results of other sorting activities. We ship-
ped 1,182 sorted lots containing about 45,500 specimens to 26
specialists in 60 shipments. The shipments included large col-
lections of various groups of pelagic copepods, oplophorid
shrimps, and siphonophores. Shipments of benthic polychaete
worms were made to four specialists, and substantial ship-
ments of bryozoans, nematod worms, amphipods, and isopods
were made. In addition, some large collections (euphausiids,
siphonophores, copepods, benthic nemertia ns, and actinians),
which had been identified by specialists and then returned to
the Sorting Center, were documented in the files and trans-
shipped to the U.S. Museum of Natural History for permanent
deposition.

294 ANTARCTIC JOURNAL



Numerous other sorted collections are still available to scien-
tists for study. To further expedite analyses of the remaining
material, we are now concentrating on (1) the reclassification of
large and complex groups, (2) classification of associative organ-
isms such as the many groups found in sponges, (3) re-exam-
ination and classification of such organisms that are returned to
the Sorting Center after examination by specialists, (4) general
and specialized sorting of new collections, and (5) seeking new
investigators to study the newly sorted collections.

Finding new investigators can be one of the most difficult
activities because of the scarcity of systematists who are trained
to undertake the tasks of studying the diverse, and often pre-
viously undescribed, fauna and flora in the antarctic and suban-
tarctic environments. In recognition of this situation, our con-
tinuing "Cooperative Systematics Program" was established to
support subcontracts with specialists for study and preparation
of reports on selected taxa. This has proved to be a productive
means of expediting analyses of the remaining collections, be-
cause it enables some specialists to undertake or complete work
on otherwise unstudied or unreported taxa. At present 19 stud-

ies are in progress. Some of these will result in major taxonomic
revisions and biogeographic analyses on groups such as
bryozoans and siphonophores.

Recently, we have begun to prepare the collections for a
forthcoming move of the Sorting Center to a new laboratory and
storage facility constructed by the Smithsonian Institution in
nearby Silver Hill, Maryland. The new building (Museum Sup-
port Center) has been well designed to maintain the proper
environmental conditions required in the various storage areas
designated for differing types of collections, including wet and
dry storage of the antarctic collections. We expect to start the
move in the fall of 1983 and anticipate some curtailment of
regular activities the following year as the move gets fully un-
derway. Nevertheless, we continue to welcome inquiries from
scientists and others concerned with the antarctic collections.

Processing of polar collections and maintenance of a cen-
tralized data base are supported by National Science Founda-
tion contract DPP 74-13988. The cooperative systematic program
is supported by National Science Foundation grant DPP
79-20835.

IGY: The third great age of discovery

STEPHEN J. PYNE

History Department
University of Iowa

Iowa City, Iowa 52242

The International Geophysical Year (icY) (1957-1958) drama-
tized a new era of exploration by Western civilization. Like other
eras, it exposed new geographic areas to inspection, inaugu-
rated a particular style of exploration, and reflected, while it
simultaneously helped to shape, new intellectual syndromes.
Conceived in this way, the IGY announced the most recent of
three ages of discovery that have developed since the
Renaissance.

The first age revealed the world ocean and had its grand
expression in a voyage of circumnavigation. The process began
with the interior seas of Europe and spread out through the
Atlantic. It was principally maritime, intimately tied to the
founding of coastal cities, the development of maritime em-
pires, and the mapping of the world's coastlines. The second
age moved into the continental interiors, beginning again with
Europe. Its grand expression was the traverse across a con-
tinent; its movements were inextricably bound up with the
colonization of interior lands and the mapping of the world's
oceanographic and continental surfaces. The first age accom-
panied the scientific revolution, proposing a new geography of
the Earth and a new cosmology for the heavens. The second age
coincided with the growth of natural history, particularly the
earth and life sciences.

The third age undertook the geophysical inventory of the
solar system, beginning with planet Earth. In particular, the

third age investigated the outer atmosphere and ionosphere,
previously unvisited; mapped the solid floor of the oceans; and
surveyed, for the first time with any comprehensiveness, the
interior of Antarctica. Instead of comparing seas or continents,
the third age compared planets. As a prototype for the era, the
ic'' has the historical and symbolic stature of the voyages of
Columbus, daGama, and Magellan for the first age; the travels
of Humboldt, Pallas, and Lewis and Clark for the second. Like
other eras, the third age of discovery posed problems of intellec-
tual and geopolitical assimilation—the newly exposed lands
had to be incorporated, on one hand, into political, social, and
economic systems and, on the other, into systems of science,
literature, and art.

The role of Antarctica in the ic y was fundamental, and the
south polar regions became a point of departure for the third
age at large. The IGY began as a proposal for a Third Interna-
tional Polar Year initiated by Lloyd Berkner, a veteran of Byrd's
second expedition; Antarctica was the scene for some of the
most intense geophysical research and from the success of the
antarctic programs grew some of the themes, techniques, and
institutions that characterized the third age as a whole. The
Antarctic Treaty was the first of a series of international agree-
ments to govern the new landscapes made accessible by the
third age. A new Law of the Sea Treaty attempted to deal with
the government of the ocean floor. Various agreements and
partial treaties have extended the principles of international law
to the outer atmosphere and interplanetary space.

Apart from geopolitical problems posed by its discoveries,
the third age's principal product has been information. The
third age, like those before it, contributed to an information
explosion that compelled substantial revisions within inherited
systems of thought. Moreover, for the first time, landscapes
were explored that were truly uninhabited; information un-
known to humanity, not simply to Western civilization, was
processed. In all previous ages, exploration was strongly ethno-
centric. Much of what passed for discovery was really a process
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of introducing the knowledge of non-European peoples to the
culture of Europe. This was manifest, too, in the international
agreements with regard to the new lands, none of which could
appeal to traditional notions of conquest and colonization but
had to develop the basis for some different global regime.

The geography of the third age, however, was qualitatively
new, and it was accompanied by a qualitative leap in the
character of exploration. The ICY brought "Big Science" to explo-
ration. The consequences were most pronounced, naturally, in

the earth sciences. But there was a metaphysical as well as a
geophysical reformation. The third age occurred within the
context of modernism, of the chance universe, of a shattered
historicism—all of which are reflected in contemporary theories
about the Earth. The landscape aesthetics of the third age be-
long with the canons of abstract and minimalist art rather than
with the landscape tradition that recorded the second age.

This work was supported by the Antarctic Fellowship, Na-
tional Endowment for the Humanities FA-1295-81.

Antarctic Research Series

JUDY C. HOLOVIAK

American Geophysical Union
Washington, D.C. 20009

Since 1963, the Antarctic Research Series has been the pub-
lication medium for extensive reports on antarctic research that
are too lengthy or comprehensive for inclusion in standard
disciplinary journals. The series encourages collections of pa-
pers on specific geographic areas as well as volumes that focus
on particular disciplinary problems. Marine biology,
oceanology, meteorology, upper atmospheric physics, ter-
restrial biology, snow and ice, human adaptability, and geology
have all been covered by the series. The Antarctic Research
Series continues to be the definitive series presenting au-
thoritative work with uniformly high scientific and editorial
standards from the leading scientists engaged in antarctic
research.

All papers in the series are subject to peer review. After
scientific review and revision are complete, papers are re-
viewed by an American Geophysical Union (AGU) copy editor
for style, consistency, and general publication requirements.
After the author has confirmed that changes made by the copy
editor are satisfactory, the paper is typed to strict AGU

specifications. Authors who have access to automatic type-
writers or word processing equipment are urged to undertake

the preparation of the final typescript. Special rates for reprints
are available for authors providing final typescripts to AGU
specifications.

To speed publication and increase distribution by keeping
costs down, individual papers are published as they are com-
pleted. Usually two or three closely related papers are pub-
lished in a softcover minibook. Individuals may purchase the
separate minibooks or subscribe to a volume. Libraries with
standing orders receive the individual papers as they are pub-
lished and bind them when all papers within a specific volume
are published. Each paper is assigned to a thematic volume.
Several topical volumes may be in production simultaneously.

Individuals wishing to develop a thematic volume for the
series must prepare a proposal for review by the Board of
Associate Editors. Authors of individual papers may wish to
contact a Board member through AGU to find out if a volume in a
specific field is in process and whether his work is appropriate
for inclusion.

Current Board members are Charles R. Bentley (Chairman),
Sam Colbeck, Robert H. Eather, David H. Elliot, Dennis E.
Hayes, Louis S. Kornicker, Heinz Lettau, and Bruce Parker. The
Board has recently approved a volume on the Cenozoic pal-
eoenvironment of the southern ocean and several other vol-
umes are being developed. Three other volumes are currently
in production.

Proposal forms and information for contributors are available
from AGU, 2000 Florida Avenue, N.W., Washington, D.C.
20009. Catalogs of books in print are divided according to phys-
ical or biological sciences; copies of both are available from AGU.

Publication of the Antarctic Research Series has been sup-
ported by National Science Foundation grant DPP 80-19997.
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Specialized literature reviews based on
the Antarctic Bibliography

GEZA T. THURONYI

Science and Technology Division
Library of Congress

Washington, D.C. 20540

The Cold Regions Bibliography Project at the Library of Con-
gress continues to abstract and index the world's antarctic liter-
ature, providing the only bibliographic service devoted
exclusively to the Antarctic in the form of the monthly abstract-
ing journal Current Antarctic Literature and its hard-bound 18-
month cumulation, the Antarctic Bibliography. Coverage was be-
gun in 1962 and thus is well past the 20-year mark. With a
companion voume, Antarctic Bibliography 1951-1961, that was
published retrospectively (in 1970), the coverage extends to
over 30 years.

Thirty years is long enough to pursue studies of how a scien-
tific discipline or research topic developed in respect to the

interest it generated, the shifts in emphasis that occurred, the
refinement of methods used, etc.

In an attempt to indicate some ways in which such studies
could be undertaken, the topic "National Interests and Interna-
tional Cooperation" was chosen, partly because of the managea-
ble amount of literature relating to it. Such literature is grouped,
in the Antarctic Bibliography, under the heading of "Political
Geography." First, a count of items thus classified was made.
Results of the count are presented in the figure which shows the
number of books, reports, or articles published in the field of
political geography during each year from 1951 through 1982.

An examination of the figure reveals two peaks in the annual
number of items published, one in 1960, the year following the
conclusion of the Antarctic Treaty (this upsurge is attributable
mostly to anonymous notes on the Antarctic Treaty), the other
in 1977-1978, this one due to mounting concern over the exploi-
tation of mineral and other resources and to negotiations relat-
ing to the law of the sea. A slackening of interest is found during
the mid 1960's, presumably because of the stability created by
the Antarctic Treaty, until new problems began to surface in the
early 1970's.

Looking at the content of the documents, we find some de-
velopment in the preponderance of themes from year to year.

Annual number of published items, 1951-1982.
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Thus, in the early and mid 1950's discussions of national claims,
especially those of South American nations, were dominant. In
the later 1950's attention shifted to the International
Geophysical Year and the Antarctic Treaty. In the 1960's writers
were attracted to measures in furtherance of the Antarctic
Treaty: the consultative meetings, inspection, and peaceful co-
operation. The early 1970's brought broader discussions of the
political experiment based on the Antarctic Treaty, also growing
awareness of the need for regulating the use of natural re-
sources, as well as continued reporting of consultative meet-
ings, inspections, etc. During the late 1970's several major
works were published, dealing with alternate regimes for Ant-
arctica, the legal issues involved, and allocation of biological
and mineral resources. The latter themes continue to dominate
the literature of the 1980's.

This brief outline obviously cannot do justice to the variety of
topics covered in 30 years' literature, but a detailed review
would exceed the space limitations of this article. Instead, some
interest may be served by citing a few of the more significant
papers. Again because of space limitations this chronological
listing is confined (with one exception) to papers (or books)
published in 1977 or later. The Antarctic Bibliography abstract
number follows the entry in parentheses.

Schatz, G. S. (Ed.) 1974. Science, technology, and sovereignty
in the polar regions. Lexington, Mass.: D.C. Heath and Co.,
215 pp. (For abstract see Antarctic Bibliography, 8M-14533.)

Adzharov, K. A. 1977. Territorial problems in present-day inter-
national law. (In Russian.) Kubanskiy Gosudatstren nyy Un iver-
sitet, Nauchnye Trudy, No. 248, 93 pp. (11M-23328)

Auburn, F. M. 1977. Offshore oil and gas in Antarctica. German
Yearbook of International Law, Vol. 20, 173 pp. (1OM-21266)

Oerding, J. B. 1977. Frozen friction point; a geopolitical analysis of
sovereignty in the Antarctic Peninsula. Masters thesis, Univer-
sity of Florida, Gainesville, 160 pp. (9M-18361)

Theile, K. 1977. Possibilities of internationalization of Ant-
arctica. (In German.) Doctoral thesis, Saint Gallen,
Switzerland, St. Gallen University, 117 pp. (10M-20288)

Soden, D. L. 1978. Political and legal analysis: The Antarctic Treaty.
Unpublished manuscript, 90 pp. (10M-20151)

Symposium on Antarctic Resources. 1978. Proceedings. Univer-
sity of Miami Law Review, 33(2), 285-514. (1OM-21468)

Burton, S. J. 1979. New stresses on the Antarctic Treaty. Virginia
Law Review, 65(3), 421-512. (12M-25832)

Mitchell, B., and Kimball, L. 1979. Conflict over the cold con-
tinent. Foreign Policy, 35, 124-141. (I1M-23814)

Sollie, F. 1979. Trends and prospects for regimes for living and mineral
resources in the Antarctic, Lysaker, Norway: F. Nansen Founda-
tion, 20 pp. (10M-21369)

Suter, K. D. 1979. Antarctica: World law and the last wilderness.
Sidney: Friends of the Earth, 66 pp. (12M-25359)

Colson, D. A. 1980. Antarctic Treaty system The mineral issue.
Law and Policy in International Business, 12(4), 841-902.
(12M-24626)

Harry, R. L. 1981. Antarctic regime and the Law of the Sea
Convention: An Australian view. Virginia Journal of Interna-
tional Law, 21(4), 727-744. (13M-27112, Current Antarctic Lit-
erature No. 123)

Joyner, C. C. 1981. Exclusive economic zone and Antarctica.
Virginia Journal of International Law, 21(4), 691-725 (12M-26164)

Mitchell, B. 1981. Cracks in the ice. Wilson Quarterly, 5(4), 69-84.
(12M-25235)

Auburn, F. M. 1982. Antarctic law and politics. Bloomington:
Indiana University Press, 261 pp. (13M-26649, CAL No. 120)

Bush, W. M., comp. 1982. Antarctica and international law: A
collection of inter-state and national documents. (2 vols.) New
York: Oceana Publications. (13M-27736, CAL No. 127)

Quigg, P. W. 1983. A pole apart: The emerging issue of Antarctica.
New York: McGraw Hill, 299 pp. (13M-27549, CAL No. 126)

The above three approaches to assessing the literature—
quantitative appraisal, topical examination, and selection of
representative works—are offered as initial suggestions for
more complete studies to be undertaken, it is hoped, in various
fields by scholars with an interest in observing research trends
and developments.

The Antarctic Bibliography can supply the basic material for
comprehensive reviews as it continues, from year to year, to
record the world literature.
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Mapping activities in Antarctica

R. B. SOUTHARD

National Mapping Division
U.S. Geological Survey
Reston, Virginia 22092

As it has for the past quarter century, the National Mapping
Division of the U.S. Geological Survey once again fielded a
team of cartographers in Antarctica for the 1982-1983 austral
summer. Two members of the team obtained control for map-
ping and the other two relieved two division personnel who
had wintered at Amundsen-Scott South Pole Station.

The control party, working jointly with two cartographers
from the New Zealand Department of Lands and Survey, estab-
lished horizontal and vertical control that meets the require-
ments to produce 11 1:50,000-scale maps. These maps will
expand coverage to the north and south of an area of the dry
valleys already covered by eight published 1:50,000-scale maps.
The control was obtained using conventional triangulation and
electronic distance-measuring equipment and methods as well
as Navy navigation satellite tracking receivers. Sixty-nine new
stations were set using conventional methods and four pre-
viously established stations were occupied with the tracking

equipment to obtain satellite-generated positions for com-
parison purposes.

For the eleventh consecutive year, two members of the South
Pole team relieved the wintering cartographers who had been at
the station for about 1 year. The wintering cartographers had
continued to work in support of two major programs—satellite
tracking and seismology. Round-the-clock overflights of a series
of Navy navigation satellites were tracked and the data transmit-
ted to the United States for reduction and dissemination. The
seismic station at the South Pole, a vital link in the Worldwide
Standardized Seismograph Network because of its unique loca-
tion, is an extremely important source of seismic data for the
Southern Hemisphere, because it can provide essential azimuth
control for many epicenter solutions occurring in southern lati-
tudes. The team members maintained the system, interpreted
the data, and prepared it for transmittal to the United States.

New aerial photo coverage was acquired over a portion of the
dry valley area. A division photonavigator assisted the U.S.
Navy flight crews in the photo missions. This mapping-quality
photography will be used to produce 1:50,000-scale maps of the
area.

The division continued maintenance of the U.S. Antarctic
Cartographic Library. This library contains U.S. holdings of
cartographic materials including aerial film, aerial photographs,
and antarctic maps published by the U.S. Geological Survey
and other countries. The information is used extensively by
antarctic researchers and others in the scientific community.

These programs were funded by National Science Founda-
tion grant DPP 81-12853.

Antarctic support operations

ROBERT A. BECKER

ITT/Antarctic Services, Inc.
Paramus, New Jersey 07652

Field season 1982-1983 was ITT/Antarctic Services, Inc. (ANS)

third year of supplying support services to the United States
Antarctic Research Program. During 1982-1983, 222 ANS

employees deployed to Antarctica. Deployment of 286 National
Science Foundation (NSF) grantees associated with 84 research
programs was also arranged by ANS. These programs were
directly supported by ANS personnel prior to and during the
field season.

Support responsibilities included operation and mainte-
nance of facilities at Williams Field, some at McMurdo Station,
South Pole Station, and Siple Station. In the peninsula area, ANS

operated and maintained Palmer Station as well as the RIv Hero.
In addition, construction and related projects approved by the
National Science Foundation were completed at the various
sites. These efforts were coordinated through Project Head-
quarters at Paramus, New Jersey, and auxiliary offices main-

tamed at Port Hueneme, California, and Christchurch, New
Zealand. Specific support of Hero/Palmer operations was
effected through Chilean ship husbanding agencies.

McMurdo Station. Preseason activity commenced with the
arrival of WINFLY aircraft. ANS personnel reactivated facilities at
Williams Field and began annual preparations at McMurdo for
the upcoming austral summer. During the season, ANS

personnel completed 144 work orders in support of science
projects, upgraded the McMurdo laundry facility, and im-
proved the station power plant and outside distribution system,
(figure 1). A hydrographic survey to determine the best location
for the new salt-water intake line and new sewer outfall line was
undertaken. The ANS antenna team effected repairs to antennas
damaged during the 1982 winter and installed six new FM

industrial net antennas. Two functions newly assumed by ANS

this year were the operation of the station telephone exchange
and responsibility for emergency standby power generation
units. Work at Williams Field (in addition to routine snow road
and skiway maintenance, included construction of a 2.5 meter
high 50,000-square-meter berm and construction of a tempo-
rary Jamesway galley in preparation for the establishment of
Williams Field III. The Berg Field Center, Eklund Biology Cen-
ter, and NSF Chalet (the primary science support centers)
provided direct assistance to over 200 researchers.

Summer activities at McMurdo Station ended on 23 February.
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Figure 1. ITT Antarctic Services, Inc. linemen at work on the ice
runway electrical distribution system, 1982-1983 austral summer.

South Pole Station. A multiyear program to correct station
midlife deficiencies was initiated this season. Major projects
included redirection and elevation of the sewer outfall and
replacement of the existing lift pump with a masticator model;
upgrading of the balloon inflation tower and activation of the
hydrogen generator; and institution of a comprehensive site
landscaping routine. The station's electrical distribution system
received specific attention. The primary power switchgear was
cleaned and all buried distribution cables were excavated and
elevated to cable trays along the arch walls. A new feeder was
installed between the power plant and the helium arch and a
disconnect switch was installed to separate clean air facility and

aircraft ground control feeders. A structural engineering field
investigation was conducted to determine the condition of the
dome. Scheduled science support tasks were satisfactorily com-
pleted. Heavy demands were placed on station resources at
turnover and at other times during the season because of peak
population support requirements and several unexpected air-
craft mishaps.

The station closed on 9 February.
Siple Station. Inclement weather hampered operations at Siple

Station throughout the season. Heavy snow accumulation dur-
ing the 1982 winter necessitated extension and/or modification
of all arch penetrations and surface structures (figure 2). This
work was expanded in anticipation of the planned deactivation
of the station at the conclusion of the 1983-1984 summer. A
significant achievement was the timely completion of the sched-
uled dipole antenna project. A 10-person team raised the exist-
ing 21-kilometer dipole antenna and extended it to 42 kilo-
meters despite frequently unfavorable weather conditions.

Austral summer activities were concluded on 8 February.
Palmer Station. Improvements to existing laboratory space

were initiated to meet the demands of an expanding scienc
program. Other facility improvements included repair and op-
erational testing of the pressurized fire system and the erection
of a new prefabricated storage building. Future requirements
were further addressed through an on-site engineering review
and survey. A 6-meter communications tower and high-fre-
quency rotatable periodic log antenna were erected to improve
communications capabilities. Nine Palmer based biological pro-
grams were supported in addition to annual upper atmospheric
and meteorological research.

The station closed on 15 April.
Ship Operations. A changed political climate required reloca-

tion of iIv Hero's base of operations from Ushuaia, Argentina to

iIlk

Figure 2. Siple Station, 1982-1983 austral summer, showing the extended hatchways, generator exhaust, antenna turntower, and snowmelter.
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Punta Arenas, Chile. Repairs to the vessel resulted in an ex-
tended yard period to replace a damaged bow stem and keel
section. Repairs and sea trials were concluded on 16 November
and a revised cruise schedule began 27 November. Austral
summer cruises experienced minimal mechanical failures or

other unscheduled occurrences. During the season, i/v Hero
provided specialized trawling and diving support to eight bio-
logical programs.

These activities were funded by National Science Foundation
contract DPP 80-03801.

U.S. Navy Antarctic Development
Squadron Six activities, 1982-1983

MICHAEL J. HARRIS

U.S. Navy Antarctic Development Squadron Six
Point Mugu, California 93042

Deep Freeze 83 marked the 28th year of Antarctic Develop-
ment Squadron Six (VXE-6) airlift support of U.S. scientific
research projects in Antarctica.

Flight operations in support of Deep Freeze 83 commenced in
late August 1982 with the execution of Operation Winter Fly-In
(WINFLY). Three NSF LC-130 Hercules aircraft, along with a
contingent of flight crew and squadron support personnel,
departed Point Mugu, California, on 18 August for
Christchurch, New Zealand. The first of seven 18-hour turn-
around flights to McMurdo Station was launched on August 24.
A total of 204 passengers and 81,363 pounds of cargo were
delivered to the Williams Field skiway during the austral winter
twilight. In 4 days the LC-130 crews logged 108.6 flight hours
completing WINFLY 83 operations. By 30 August, all three aircraft
had returned to Point Mugu.

The Deep Freeze 83 summer support season began for VXE-6
on 10 October when UH-1N Huey helicopter crews began rein-
doctrination flights at McMurdo Station. The helicopter flight
crewmen and support personnel arrived prior to the LC-130
deployment by Air Force C-141 airlift to the ice runway. On 12
October, three LC-130s departed Point Mugu for Christchurch
with three more Hercules departing Point Mugu on the follow-
ing day, bringing the number of deployed squadron aircraft to
six LC-130s and seven UH-lNs. After reoutfitting flight crews
and reestablishing its detachment at Christchurch, VXE-6 com-
mand was shifted to McMurdo Station on 19 October with the
arrival of all six LC-130s to the Williams Field ice runway.

UH-IN science missions began on 19 October with the Lake
Hoare party "put-in." LC-130 ice runway training flights and
crew survival training commenced on 20 October. While LC-130
skiway and open field training was underway, a UH-1N crew
helped New Zealand personnel reopen the Lake Vanda Station.
The first operational flight by LC-130 was on 26 October with the
Byrd Surface Camp Station reconnaissance and fuel sampling.
Byrd was reopened the following day by another LC-130 crew.

Siple Station winter-over personnel greeted the first relief
crews on 5 November. On 6 November, Captain Brian Shoe-
maker, Commander, Naval Support Force Antarctica, accom-
panied Commander Michael J . Harris, Commanding Officer,
Antarctic Development Squadron Six, and David Bresnahan,

NSF Representative Antarctica, on the in].tial South Pole Station
flight of Deep Freeze 83 on XD-03. On landing, XD-03 sheared
the nose landing gear strut on the snow-covered skiway and
remained at South Pole Station for 16 days. A VXE-6 mainte-
nance detachment was sent to South Pole Station to repair XD-
03. Their LC-130 was used to retrieve passengers intending to
depart on XD-03. On 17 November, while XD-03 was being
repaired, the nose landing gear on XD-07 collapsed on touch-
down at South Pole Station. After pinning the landing gear
down, XD-07 was returned to McMurdo Station that same day.
Ultimate impact on the squadron mission was negligible, since
enough aircraft were available to absorb mission requirements
over the ensuing 2 weeks during which XD-03 was grounded.
The additional maintenance personnel housed at South Pole
Station did constitute an increased burden on station facilities
and stores, but the accommodation offered by South Pole Sta-
tion personnel was exceptional.

Weather conditions were best described as typical for an
austral summer. Because it was taken into account in preseason
planning, the weather proved to be a neutral factor in the
squadron's effort to complete its mission. Two helicopter crews
were left stranded away from McMurdo overnight by low vis-
ibility during the first week of November. On 8 November, a
LC-130 on a Siple flight diverted to South Pole Station rather
than refuel at Byrd where low cloud layers and visibility made
approach and landing hazardous. An inoperative fuel pump
forced the crew to remain at South Pole Station overnight until
maintenance personnel were flown in by another LC-130.

One LC-130 was dispatched on 7 November to transport a
heart attack victim to Christchurch. Over the Deep Freeze sea-
son, 23 patients were flown from McMurdo to Christchurch.
The squadron's medical evacuation (MEDEVAC) capability was
substantially improved this year with the acquisition of a sur-
plus Air Force Special Airborne Medical Care Unit. Intraconti-
nental flights included the UH-1N transport of a researcher
with an acute case of pneumonia from the Mount Erebus sum-
mit to McMurdo.

Assistant Secretary of the Navy, Melvin R. Paisley, was flown
to South Pole Station for a tour on 8 November. He was given a
helicopter tour of the dry valleys the following day. Com-
mander U.S. Naval Third Fleet, Vice Admiral W. P. Lawrence
arrived one day after Mr. Paisley's departure on 13 November.
He was given the same tours of the South Pole and dry valleys.
Distinguished visitor tours proved substantial throughout de-
ployment. The news media used NSF aircraft during the first 2
weeks of December. Representatives from five U.S. newspapers
were housed overnight at Lake Hoare on 3 December, when
weather prevented their return to McMurdo by UH-1N. Hugh
Downs and his ABC "20/20" news team were photographing
USARP operations while Prince Edward of Great Britain visited
the New Zealand station at Scott Base.
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Of particular note this season was the large number of science
party and open field "put-ins" conducted by LC-130. The first
LC-130 open field "put-in" of the K-2 Project at Browning Pass on
13 November coincided with the S-060 party arrival at Mills
Valley. The S-060 party "pull-out" presented complications. Un-
favorable snow conditions, along with ice fog, hampered this
northern Victoria Land "pull-out" on December 20. After 3
hours on deck at Mills Valley, where numerous unsuccessful
takeoff runs were made, including one jet-assisted takeoff (JATO)
attempt, the aircraft commander elected to use a downhill grade
along with a second JATO firing to become airborne. Damage to
the aircraft which occurred during the northern Victoria Land
"pull-out" necessitated the aircraft's return to Christchurch for
repairs. Following the S-058, Theil Mountain "put-in," a LC-130
made a three-engine return to McMurdo Station with an en-
gine-driven generator failure.

Not all LC-130 open field work was so eventful—the S-063
project, a joint U.S. Antarctic Research Program and British
Antarctic Survey program to establish fuel caches at Mount
Smart, Ellsworth Mountains, and Martin Hills went smoothy as
did the S-059 Szabo Bluff Radioactivity Survey and the air sam-
pling for S-282.

All UH-1N science missions, totalling 788.7 hours, were com-
pleted without major difficulty. Over 40 percent of the season's

helicopter tasking was flown during December. The Helicopter
Division during Deep Freeze 83 flew over 1,348.6 hours.

Final closeout of McMurdo Station was on February 23. Dur-
ing the season, the squadron LC-130 and UH-IN aircraft flew
4,976.3 of 5,618.5 allotted hours, transported 3,599,605 pounds
of cargo, 251,416 gallons of DFA (fuel), 182,265 gallons of jr
(aircraft fuel), and 4,716 passengers.

On return to Point Mugu, XD-05 made an emergency ski
down landing at Naval Air Station, Barbers Point, Hawaii. A
hydraulic line failure was repaired allowing XD-05 to arrive
within hours of the main body on February 25. XD-03, which
had remained behind in Christchurch for replacement of its
nose landing gear, returned to Point Mugu on February 26 to
officially close Deep Freeze 83.

Despite component failures, weather delays, and communi-
cations blackouts, VXE-6 was able to complete its assigned
mission on schedule and under budget. Numerous commenda-
tions have been given Antarctic Development Squadron Six
following completion of this highly successful season, includ-
ing nomination for the U.S. Navy's Meritorious Unit Commen-
dation and the selection as recipient of the Chief of Naval Oper-
ations Aviation Safety Award and a citation from the National
Science Foundation.

Antarctic automatic weather stations
as forecasting aids

DAVID A. FLEMING

U.S. Naval Support Force, Antarctica
Port Hueneme, California 93043

Meteorological support of flight operations is probably more
crucial within Antarctica than in any other region of the world.
The flight path from Christchurch, New Zealand, to McMurdo
Station, Antarctica, (the most direct route and the only route
used by the United States Antarctic Research Program) is
unique because there are no alternate landing sights available
for an aircraft once the point of safe return to New Zealand has
been passed. Therefore, the 24-hour forecast issued for the ice
runway or Williams Field complex (the Antarctic landing sight)
by the Naval Support Force Antarctica Forecast Duty Officer is
the determining factor in a "go" or "no-go" situation for the
pilot. For the U.S. ski-equipped LC-130 aircraft a "whiteout"
(total loss of surface and horizon definition due to either falling
snow, blowing snow, or fog) at the skiway is not as serious as it is
for the wheeled aircraft of the U.S. Air Force or New Zealand
Air Force. The LC-130 aircraft have the capability of landing on
the open ungroomed ice shelf, while the U.S. and New Zealand
Air Force are restricted to the prepared ice runway.

The lack of surface and upper-air weather data in the Ant-
arctic is well-known in the scientific community. The closest

regularly reporting weather stations around McMurdo are
South Pole (1,171.6 kilometers), Leningradskaya (857.8 kilo-
meters) and Vostok (1,110.4 kilometers). This data "grid" is so
inadequate that it is not even sufficient for a decent large-scale
analysis much less the small-scale analysis necessary for local
forecasting in the Ross Island region. The antarctic automatic
weather stations have filled a portion of the data void in this
region well, at least in the meso-scale around Ross Island.

The benefit of the stations with respect to forecasting wind
speed and direction is obvious. Because all strong wind events
for the Ross Island region come, often abruptly, from the south,
a close look at the stations to the south and southeast can often
give a 3- to 6-hour or more "heads-up" of approaching strong
winds.

The most difficult weather event to forecast, however, for
Williams Field and the ice runway and one that can often lead to
below minimum runway conditions for the aircraft, especially
during the latter part of the austral summer operating season, is
fog. Unfortunately, satellite imagery is of minimal assistance
because the fog, without precipitation, is primarily caused by
radiational cooling and moisture advection (moisture not in the
visible condensed state). A close look at the dense fog occur-
rences during the period from 1 November 1982 to 31 January
1983 revealed a strong correlation between a wind from the
southeast quadrant (090 to 170T) at Ferrel Station (8907) and
dense fog at Williams Field. The mean flow pattern for the
region around Ross Island can be inferred from the figure. This
flow pattern is relatively stable and results in a no-fog situation.
Any deviation from this flow signals a change in the dynamic
state of the atmosphere, especially in the low-level. The period
from 1 November 1982 to 31 January 1983 seems to indicate that
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Location of automatic weather stations around Ross Island and
their mean wind direction. (From Antarctic Automatic Weather Sta-
tion Data Archiving Center at the Department of Meteorology, Uni-
versity of Wisconsin, MadiOlology, Uni-
versity of Wisconsin, Madison, Wisconsin.)

moisture advection into the Williams Field region occurs when
the surface flow backs into the southeast quadrant in the region
of station 8907.
• on 17 December 1982 the wind at station 8907 backed to

southeast at 0600 Greenwich mean time (GMT) (Z) and per-
sisted until 18Z when the wind returned to the normal south-
erly direction. Dense fog developed at Williams Field at 14Z (8
hours after the southeast windshift at 8907) and persisted
until 21Z.

• On 21 December 1982 the wind at station 8907 backed to
southeast at 15Z and persisted until OOZ. Dense fog de-
veloped at Williams Field at 1730Z (21/2 hours after the south-
east windshift at 8907) and persisted until 2015Z. Patchy fog
persisted until OOZ.

• On 29 December 1982 the wind at station 8907 backed to east-
southeast at 15Z and persisted until 03Z the next day. Dense
fog developed at Williams Field at 2010Z (5 hours after south-
east windshift at 8907) and persisted until 2245Z, but patchy
fog persisted until 05Z the next day.

• On 2 January 1983 the wind at station 8907 backed to south-
east at 03Z and persisted until 1530Z. Dense fog developed at
Williams Field at 19Z and persisted until 2030Z. Distant fog
persisted until 06Z the next day.

• On 22 January there was southeast wind at 8907 from OOZ to
06Z. Dense fog at Williams Field for brief period around
0515Z. Patchy and distant fog persisted from 03 to 07Z. (Fog
might have been dense for longer period had it not occurred
during the warmest part of the day.)

• On 27 and 29 January dense fog occurred at Williams Field
with a southeast wind at 8907.

• On 30 November 1982 the wind at station 8907 shifted to
southeast at 09Z and persisted until 03Z the next day. No fog
developed at Williams Field. Two possible explanations for
this may be (1) the strength of the wind during this period
was slightly less than the previous cases and (2) there also
may not have been sufficient moisture available to the east
during this period. (Moisture sensors for the automatic
weather stations are planned for installation during the next
two Deep Freeze seasons.)

• On 19 December 1982 dense fog developed at. the Williams
Field complex while the wind at station 8907 did not shift to
the southeast quadrant. Fog during this period developed
with marked warming at Williams Field whereas in the pre-
vious positive cases fog occurred with marked radiation cool-
ing. Although data from Laurie Station (8910) was not avail-
able for this period, Whitlock Station (8913) reported north to
northeast winds prior to and during this fog period. Appar-
ently moisture was advected from the warm and moist open
water to the north. (Laurie Station, just east of Cape Crozier,
was returned to normal operation in January of 1983 and will
undoubtedly provide useful data for observing moisture ad-
vection from the north for the next operating season.)

• On 13 January there was a southeast wind at 8907 between 03
and 06Z. No fog developed at Williams Field, probably be-
cause the wind came at the warmest period of day. (It appears
that southeast wind must occur and persist into the early
"evening" hours in order for fog to develop.)

• On 20 January there was a southeast wind at 8907 between
15Z and 03Z the next day. No fog developed at Williams Field,
probably because wind speed was les than 4 knots
throughout period.
What supports the strong correlation between the southeast

winds at 8907 and fog development at Williams Field even more
is that in no other period, other than the ones previously men-
tioned, did fog without precipitation occur. There also appears
to be a good correlation between the onset of snow during the
other times when the wind at 8907 backed southeast. There
were no incidences where the wind at 8907 was southeast (great-
er than 4 knots) without either fog or snow sometime during or
after the southeast wind shift at 8907.

Therefore, with the exception of a few brief and anomalous
periods between 1 November 1982 and 31 January 1983 there
appears to be an apparent strong correlation between a wind
within the southeast quadrant at station 8907 and the develop-
ment of fog at Williams Field. Fog often occurs 3 to 8 hours (or
more) after the wind shift. The expertise of the duty mete-
orologist combined with a correlation factor such as this will
lead to better forecasting skill with respect to fog and even
precipitation during future Deep Freeze deployment seasons.

The antarctic automatic weather station program is supported
by National Science Foundation grant DPP 79-25040 under the
supervision of Charles Stearns, Department of Meteorology,
University of Wisconsin, Madison, Wisconsin 53706.
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Ship operations, 1982-1983

TIMOTHY G. MCKINNA

U.S. Naval Support Force, Antarctica
Port Hueneme, California 93043

Two icebreakers operated in the Antarctic this season in sup-
port of the U.S. Antarctic Research Program. USCGC Polar Star
from Seattle, Washington, and USCGC Glacier from Long Beach,
California, were assigned to support Deep Freeze 83. The dry
cargo ship USNS Southern Cross and the tankship USNS Maumee
provided the resupply support. There was no ice damage to
vessels during this operating season nor were there any search-
and-rescue incidents. Ship schedules were made based on Polar
Star breaking the channel with Glacier nearby to assist if neces-
sary and to support science activities in McMurdo Sound and
Ross Sea. The schedules allowed for maximum utilization of
ship time for science support while escorting supply ships
safely in and out of McMurdo Sound. Polar Star embarked
National Science Foundation and ITT/Antarctic Services, Inc.
personnel for passage to Palmer Station while in Valparaiso,
Chile and also carried dry cargo and fuel for Palmer Station
arriving on 24 December 1982. Passengers and cargo were dis-
charged and the next stop was McMurdo Station. The channel
break in was accomplished in a timely fashion, Maumee was
escorted into Winter Quarters Bay, and Polar Star fueled and
made ready for circumnavigation of Antarctica. This voyage was
a first for a United States icebreaker although Glacier went west
from McMurdo Station to Palmer Station in 1955 on her maiden
voyage as Admiral Byrd's flagship, missing only the small seg-
ment from Palmer to McMurdo.

During the circumnavigation, Polar Star visited 14 foreign
scientific stations and supported a multidisciplinary scientific
team.

Glacier remained in the Ross Sea area conducting four sepa-
rate scientific cruises. During this period, the science cruises
had to be interrupted for short periods of time to allow Glacier to
escort the Maumee out of Winter Quarters Bay and the Southern
Cross into Winter Quarters Bay two times, the last one on 19
February 1983. On final departure from McMurdo, Glacier
towed the ice wharf to sea for disposal and headed for Well-
ington, New Zealand via Campbell Island.

Fast ice conditions during Deep Freeze 1983 shipping season
were essentially the same as those encountered in the past
several seasons. Pack ice in the Ross Sea was very light. As the

season progressed, the annual ice broke away quickly and
open-water conditions prevailed in McMurdo Sound up to the
permanent ice shelf, allowing easy movement of vessels.

USNS Maumee loaded petroleum products in mid-December
in Greece and navigated directly to the Antarctic arriving at
McMurdo under escort of Polar Star on 20 January 1983. It took 4
days for Maumee to discharge all the cargo to tanks ashore;
Glacier escorted her to sea 24 January.

USNS Southern Cross commenced loading cargo in Port
Hueneme, California on 3 January 1983. She departed on 8
January and sailed directly to McMurdo arriving on 27 January.
This was the first time any vessel navigated from the U.S. to
McMurdo nonstop. Unique cargo demands made this voyage
necessary; time was critical because of the need to make two
trips to McMurdo prior to the end of February. Southern Cross
departed McMurdo with Glacier's assistance on 3 February and
made a 5-day transit to Port Lyttleton, New Zealand. Despite
poor weather conditions and mechanical failures in cargo hand-
ling gear, the ship was able to offload retrograde cargo, hackload
McMurdo cargo, and take on fuel in 48 hours. She again transit-
ted the seas between New Zealand and McMurdo in 5 days
arriving on 15 February. It took 4 days to offload cargo and load
retrograde cargo; departure was on 19 February 1983.

The ice wharf was a source of constant concern this year. It
had been used for three seasons and the cracks had never
healed" properly. The first offload was accomplished on a

rather large portion of the wharf, but it caused major cracks to
re-open. Prior to the second offload, the Glacier assisted shore
workers in moving some large sections of the broken wharf to
sea, leaving a relatively small, but solid portion of the wharf to
work. This slowed the work but made it slightly safer; one truck
and trailer did crack through the ice at the edge where there was
severe undercutting. The vehicle was retrieved, but major
damage resulted; fortunately only minor injuries were sus-
tained by two men. The remaining portion of the ice wharf was
towed to sea by Glacier the afternoon of 19 February and a new
wharf is to be constructed during the winter months.

Two passenger vessels, the motor vessel Lindblad Explorer and
the motor vessel World Discoverer visited McMurdo on 8 and 9
February. Both vessels anchored in Winter Quarters Bay and
sent passengers ashore in small boats. In addition, two Russian
research vessels, the Admiral Vladimirski and the Yunony cruised
into McMurdo Sound without stopping.

The cargo ship operations were supported by National Sci-
ence Foundation Interagency agreement CA-165. Icebreaker op-
erations were supported by National Science Foundation agree-
ment with the U.S. Coast Guard. Commander Tim McKinna,
USCG is the Coast Guard Liaison Officer and Ship Operations
Officer with U.S. Naval Support Force, Antarctica.
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NSFA's homeport representative,
Port Hueneme 1982-1983

FRANK A. DADDARIO

U.S. Naval Support Force, Antarctica
Port Hueneme, California 93043

As in years past, the Naval Support Force, Antarctica's home-
port representative at Port Hueneme, California, was responsi-
ble for moving passengers and cargo to the Antarctic and South
America in a timely manner. This summer support season, the
homeport period was from 4 October 1982 to 5 March 1983.

The homeport detachment consisted of a terminal operations
movement center and supply, medical, communications, and
personnel departments for a total of 13 personnel.

Cargo operations centered around three major evolutions:
Special Assignment Airlift Missions (SAAM), kilo shipments,
and the annual resupply vessel.

This year two SAAM missions were loaded at Point Mugu,
California. Each mission moved 12 passengers and over 58,000
pounds of cargo to Christchurch, New Zealand.

Kilo shipments were moved to Christchurch from Port
Hueneme via Military Airlift Command channels or shipped in
containers on commercial vessels.

The annual resupply vessel, the USNS Southern Cross, was
loaded at Port Hueneme with a total of 2,132 long tons and 7,661
measurement tons of cargo 3-8 January. Additionally 48 con-
tainer loads were sent to Christchurch, for the Southern Cross'
second shuttle to McMurdo Station.

Passenger movement to Christchurch via commercial air-
lines, totaled 1,353 military and civilian personnel, while 79
personnel were moved to South America.

The return of personnel to the United States began in mid-
January and was successfully concluded in March.

Detachment Christchurch
1982-1983

DANIEL J. GUZMAN

U.S. Naval Support Force, Antarctica
Detachment Christchurch

Christchurch, New Zealand

U.S. Naval Support Force, Antarctica Detachment
Christchurch, is a vital link in the logistical chain between the
United States and McMurdo Station in support of the U.S.
Antarctic Research Program. Base facilities are located on 86
acres of property adjacent to the Christchurch International
Airport. Approximately 47 permanent U.S. Navy personnel
and 25 U.S. and New Zealand civilians operate the base under
the command of Commander W. A. Jones. The Detachment

processes supplies and passengers bound for Antarctica and
maintains the complex of 81 buildings that house, feed, and
otherwise support transient personnel on their way to and from
Antarctica.

Organizational departments constituting the Detachment in-
clude Administration, Communications, Air, Supply, Transpor-
tation, Public Works, and Medical. A tenant command at De-
tachment Christchurch is the U.S. Air Force's 619 Military Airlift
Support Squadron, Operating Location Delta. The National Sci-
ence Foundation also maintains (under contract) a small force of
personnel and a cold weather clothing warehouse at the base.

During the austral summer season, the Detachment is aug-
mented by personnel from Naval Support Force, Antarctica,
Antarctic Development Squadron Six, the Royal New Zealand
Air Force, and the New Zealand Army.

During a normal operating season, Detachment Christchurch
handles over 200,000 recorded messages, about 1,000 high-
frequency voice conferences, and some 300,000 pounds of mail
and issues cold weather clothing to approximately 1,300 person-
nel for use in Antarctica.
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Antarctic research opportunities

U.S. scientists are invited to request National Science Foun-
dation funds and logistics for the support of research projects as
a part of the United States Antarctic Research Program. This
program fosters research on worldwide and regional problems
of current scientific importance and seeks to expand fundamen -
tal knowledge of the region. The National Science Foundation
will provide financing and logistics. Proposals must be received
by 1 June of the year before the research is to begin, that is
proposals received by 1 June 1985 will be considered for imple-
mentation in the 1986-1987 austral summer. Research is con-
ducted primarily in biological and medical sciences, ocean sci-
ences, earth sciences, glaciology, and atmospheric sciences
(meteorology, upper atmosphere physics, and solar
astronomy).

Submitting proposals

Investigators wishing to perform antarctic research must ob-
tain a proposal preparation kit. The kit, available from the Polar
Information Program, Division of Polar Programs, National Sci-
ence Foundation, Washington, D.C. 20550, contains the NSF
publication Grants for Scientific and Engineering Research (NSF
83-67), forms for a project summary and proposal budget,
forms and checklists for the budget, logistics and support re-
quirements, and the Antarctic Conservation Act booklet and
permit request.

Investigators generally are associated with universities and,
to a lesser extent, with federal agencies and other organizations
and may propose to perform research and analysis individually,
in small teams, or in large interdisciplinary groups. Those sci-
entists requiring only operational support, but no direct fund-
ing, still are obliged to submit a formal proposal so that their
logistics and needs can be evaluated in competition with the
needs of others.

Proposals, with project descriptions no longer than 15 single-
spaced pages, are usually submitted by the scientist's employ-
ing organization. Questions about specific research programs
should be directed to the program manager of that scientific
discipline at the Division of Polar Programs (202/357-7894).
Graduate students are not encouraged to initiate proposals but
may participate as assistants to principal investigators holding
research grants. U.S. universities and colleges submit most of
the successful proposals; nonprofit, nonacademic research and
private profit-seeking organizations occasionally receive
awards. Under special circumstances, unaffiliated U.S. scien-
tists or scientists employed by other Federal agencies may be
eligible for support.

As a signatory to the Antarctic Treaty, the United States en-
courages international cooperation in Antarctica to more effec-
tively accomplish both science projects and logistics. Some ex-
amples are exchanges of personnel among stations, cooperative
planning and execution of large-scale projects such as deep rock
core drilling and glaciological exploration, and the exchange or
shared use of logistics assets such as ships and aircraft. The

United States has pursued cooperative projects with every one
of the 16 Antarctic Treaty consultative nation.

Special considerations

Because antarctic research is expeditionary, operational and
logistics planning receives great emphasis and must be consid-
ered from the beginning. During proposal preparation, contact
with the Operations Section of the Division of Polar Programs
(202/357-7808) may be helpful in defining logistics operational
requirements.

Through a Foundation contractor and by arrangement with
the Department of Defense, grantees are provided certain serv-
ices and items of equipment without cost to their grants;
however, scientific equipment provided by the contractor now
must be budgeted for and defended in the proposal even if it
will be provided by the support contractor.

Any U.S. investigator contemplating antarctic research
should become familiar with the provisions of the Antarctic
Conservation Act of 1978 (Public Law 95-541). The act provides
for conservation and protection of native mammals, birds, and
some plants and the ecosystems of which they are a part. Under
the provisions of the act it is unlawful, unless authorized by
permit, to take native mammals or birds, to introduce species,
to enter certain special areas, or to discharge pollutants. Vio-
lators of the act are subject to fines (up to $10,000) and/or 1-year
imprisonment.

Specimens for research

The Foundation's Division of Polar Programs supports collec-
tion and analysis of polar ice, sediment, rock cores, and mete-
orite samples and of biological samples. These specimens are
available to a qualified investigator for study if approved by the
Foundation's Division of Polar Programs.

The State University of New York at Buffalo stores and curates
ice cores from Antarctica and Greenland. Florida State Univer-
sity in Tallahassee, Florida, stores and curates sediment and
rock cores. The Smithsonian Oceanographic Sorting Center
stores, sorts, and curates biological specimens. The Division of
Polar Programs funds operation of these facilities.

Since 1978 NSF, the Johnson Space Center of the National
Aeronautics and Space Administration, and the Smithsonian
Institution have cooperated in the collection, curation, storage,
and distribution of antarctic meteorites. NSF supports mete-
orite collections as a part of the U.S. Antarctic Research Pro-
gram and oversees subsequent allocations for antarctic mete-
orite samples to qualified scientists in many countries. The
Johnson Space Center and Smithsonian Institution curate, doc-
ument, and complete examinations before the Foundation au-
thorizes distributing samples to researchers. Investigators in-
terested in studying meteorite samples should submit their
requests to the Secretary of the Meteorite Working Group,
NASA, Johnson Space Center, Houston, Texas 77058.
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Information about these collections may be obtained from the
Division's Polar Information Program.

Antarctic information sources

The National Academy of Sciences published in 1983 a 48-
page report, Research em phases for the U.S. Antarctic Program, that
reviews trends in and status of U.S. antarctic research. The
report identifies important scientific questions, recommends
priorities among these questions as a guide to program plan-
ning, and suggests specific large and small research projects. It
is available in limited quantities from the Academy's Polar Re-
search Board, 2101 Constitution Avenue, NW., Washington,
D. C. 20418.

The Polar Research Board has a series of pamphlets giving
recommendations for several scientific disciplines. For further
information, contact the Polar Research Board.

An article by A.L. Washburn, former chairman of the Polar
Research Board, National Academy of Sciences, reviews a few
of the scientific challenges of polar research ("Focus on polar
research," Science, 8 August 1980, pp. 643-652).

Reviews of scientific activities are presented in Research in the
Antarctic (L.O. Quam, ed., 1971) and in Polar Research: To the
Present, and the Future (MA. McWhinnie, ed., 1978), both pub-
lished by the American Association for the Advancement of
Science, Washington, D.C. A survey of scientific and political
concerns appears in Frozen Future: A Prophetic Report from Ant-
arctica (Richard S. Lewis and Philip M. Smith, eds., 1973; New
York, Quadrangle Books). A review of some polar research
appeared in the Foundation's magazine Mosaic, September/Oc-
tober 1978 issue.

A synthesis of physical and biological knowledge is available
as the Antarctic Map Folio Series, published by the American
Geographical Society between 1964 and 1975. Although some of

the folios are out of print, those that remain can be purchased
from the Smithsonian Oceanographic Sorting Center, Wash-
ington, D.C. 20560. A list of available folios with prices can be
obtained from the Division of Polar Program's Polar Information
Program.

Maps at 1:250,000, 1:500,000, and other scales are available
from the U.S. Geological Survey. One-sheet maps of the whole
continent are available from the National Geographic Society
(Washington, D.C. 202/296-7500) and the Department of Fish-
eries and Oceans (P.O. Box 8080, Ottawa, Ontario, Canada K1 
3H6).

In 1983 Scott Polar Research Institute (Lensfield Road,
Cambridge CB2 1ER, England) published the first nine sections
of a new glaciological and geophysical folio, Antarctica:
Glaciological and geophysical folio; the remaining sheets are in
production. Much of the data for the folio was collected in
cooperation with the Technical University of Denmark, the U.S.
Geological Survey, and the Johns Hopkins University. The Na-
tional Science Foundation and the U.K. Natural Environment
Research Council supported the project. Orders for the folio
should be directed to Scott Polar Institute.

An ongoing Library of Congress Antarctic Bibliography project
covers the world antarctic literature since 1951. Thirteen vol-
umes citing 31,225 titles have been published to date by the
Government Printing Office; a monthly listing of abstracts (Cur-
rent Antarctic Literature) is available free to libraries and working
investigators. A Navy Antarctic Bibliography lists publications
that appeared from earliest times to 1951; it is available as a
hardbound reprint from Greenwood Press, 88 Post Road West,
P.O. Box 5007, Westport, Connecticut 06881; telephone,
203/226-3571.

For further information on these resources contact the Polar
Information Program, Division of Polar Programs, National Sci-
ence Foundation, Washington, D.C. 20550.

* U.S. GOVERNMENT PRINTING OFFICE: 1984-445-932

Back cover. Three miles from McMurdo Station the U.S. Coast Guard icebreaker Polar Star opens a channel in McMurdo Sound sea Ice In
January 1982. During the 1982-1983 austral summer, Polar Star circumnavigated Antarctica while transporting a four-person U.S. State
Department team to observe antarctic stations of other nations. Also participating in the cruise were five groups of scientists who collected
data on marine microorganisms, the ocean's physical characteristics, and distribution of whale, seals, and birds. (U.S. Navy photo by Dana
Babin)
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