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U.S. antarctic research, 1983-1984

Is Antarctica's ice-edge zone associated with a major oceanic
front where enhanced biomass and biotic productivity occurs?
Does the ice margin's seasonal advance and retreat influence the
nature and development of organisms in this region? Focusing
on these questions, 41 scientists conducted research in the
southern Scotia and northwestern Weddell seas during
November and early December 1983. While working aboard the
research ship Melville and the Coast Guard icebreaker Westwind,
they studied biological, physical, and chemical processes oc-
curring along the ice edge (an interface between open ocean and
pack ice) to learn about relationships among oceanic features,
fluctuating sea ice cover, and marine organisms that inhabit
these areas.

These investigations were among the 96 projects that 430
scientists conducted during the 1983-1984 austral summer as
part of the U.S. Antarctic Research Program. Over 1,200 U.S.
Navy, U.S. Coast Guard, and other military personnel (includ-
ing ships' personnel) and 274 employees of a contractor (ITT/
Antarctic Services, Inc.) supported the scientists in the field.

Not limited to field research, the U.S. Antarctic Research
Program also includes research at U.S. laboratories, mainte-
nance of curatorial facilities that provide scientists with spec-
imens for analysis, and preparation of maps, bibliographies and
other publications. This issue of the Antarctic Journal of the United
States, which contains 157 papers, brings together most aspects
of the program. Of these papers 145 discuss field work during
the 1983-1984 austral summer and the 1983 winter, the results of
preliminary data analyses, and studies of data acquired earlier;
12 papers describe logistics and support in Antarctica, support
in the United States, or other related projects. The assistance of
the many contributors who helped to make this volume a de-
tailed record of progress in 1983 and 1984 is gratefully
acknowledged.

This introduction features highlights of research conducted
during 1983 and 1984 and describes briefly support provided to
the U.S. Antarctic Research Program.

Marine biology

Between 9 November and 3 December 1983, the Melville oc-
cupied 43 sampling stations during four transects in open water
and along the ice edge, while the Westwind made four transects,
which included 22 stations, into the pack ice. The marginal ice
zone was 150 to 200 kilometers wide with some open water that
decreased as the ships moved south. Within the continuous
pack ice, "winter" conditions—low temperatures (- 1.8°C),
abundant nutrients, but little chlorophyll a or bacterial bio-
mass—persisted, even though the surveys occurred during the
austral midsummer. During the surveys data were collected on
the relationship between ecosystem changes and the position of
the pack-ice edge, maximum extent of winter ice, and regions
where "winter" conditions still existed.

Moving east to west along the pack-ice edge (upstream in the
Weddell Gyre), scientists found that algal and bacterial produc-
tivity increased. The greatest activity levels for most organisms

were at the northern limit of the ice-edge zone and in the open
ocean to the north. Biological activity decreased as they moved
south into areas with greater ice cover and north into ice-free
ocean water. Bacteria and phytoplankton, basic components of
the antarctic foodweb, showed this pattern most clearly, al-
though protozoans and small metazoans, important links be-
tween bacteria and such larger consumers as krill, reflected this
pattern to a lesser extent.

The researchers observed relationships between the eco-
system and the variations in pack-ice cover, including the retreat
of the ice edge and seasonal variations in ice cover. Within 1 to 2
weeks after the ice edge retreated south, phytoplankton formed
blooms and colonized the open water. As the blooms inten-
sified, fish biomass and numbers of species observed increased.
A contrast existed between "winter" conditions in the water
column beneath consolidated pack and "summer" conditions in
water without ice or covered by loose ice. In "winter" under-ice
communities, biologists found several micronektonic organ-
isms at the surface that before had been observed only in ice-free
"summer" waters deeper than 300 meters. Continuing analysis
may help to explain how light, food availability, and predation
affect the vertical migration of these deep-living marine
organisms.

These investigations provide biologists with an appreciation
of how physical, chemical, and biological factors interact to
produce high productivity near sea ice. They found that the
surfaces, interiors, and bottoms of some ice floes were hon-
eycombed with interconnecting pores and channels in which
luxuriant growth of algal, bacterial, and protozoan commu-
nities exist. In some floes these labyrinthine systems apparently
connect with the water below; krill and large decapods appear
to use them to reach interior regions of the ice. Biologists sug-
gest that these floes act as small ecosystems in which biological
activity at all trophic levels is concentrated.

Terrestrial biology

Living just below the surface of some rocks in the ice-free
regions of Antarctica, bacteria, algae, and lichens have adapted
over several million years to extreme cold and dryness. Since
1979, scientists have studied not only the biology of these com-
munities but also the geology and meteorology related to their
development. During 1983 and 1984, these scientists continued
studies in Aniarctica and at laboratories in five countries. Labo-
ratory tests indicate that heat from the sun and the intensity of
sunlight affects microbial photosynthesis in the rocks. Photo-
synthesis occurred when "colonized" rocks were heated to
ambient temperatures of - 2°C, but not at - 3°C. Photo-
synthetic activity peaked at 5°C, remained significantly high
until 25°C, and decreased at 30°C with no photosynthesis occur-
ring at 35°C.

To learn about winter temperatures in these ecosystems, the
scientists used automatic weather stations to transmit data via
polar-orbiting satellites. By combining these data with austral
summer data and laboratory results, they learned that although
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"colonized" and "uncolonized" rocks reach - 2°C at about the
same time, the "colonized "rocks reach significantly higher tem-
peratures and maintain these longer. However, for some li-
chens, photosynthesis occurs at temperatures as low as - 15°C.
Biologists suggest that this phenomenon may occur because of
an enzyme that prevents ice formation.

Earth sciences

Geologists returned to Seymour Island off the Antarctic Pe-
ninsula's eastern coast where the first fossil land mammals from
Antarctica were discovered in 1982. Among their 1984 discov-
eries were fossils of several types of crabs from the Eocene
epoch (35 to 55 million years ago). These fossils are the first
evidence that these organisms existed in Antarctica; in many
cases they represent the earliest occurrences of that taxon in the
Earth's fossil record.

Geologists and paleontologists refer to Seymour Island as the
"Rosetta stone" of the Southern Hemisphere. Paleontologic
data collected during two austral summers have provided im-
portant new information on the region's geologic, climatic, and
oceanographic history. The discovery of mammal fossils con-
clusively affirmed that South America and Antarctica were con-
nected during the Late Cretaceous and Tertiary periods and that
marsupials dispersed through Antarctica to South America and
Australia before Gondwana broke up. Because of these discov-
eries, earth scientists are re-evaluating recently proposed
geophysical models showing South America and Antarctica as
separate continents during the Late Cretaceous and early
Tertiary.

Using their analysis of invertebrate fossil data from Seymour
Island, paleontologists have shown that many groups known
only from modern faunas were present around Antarctica dur-
ing the Eocene. These data suggest that the high southern
latitudes were important to evolutionary development and that
newly evolved groups of invertebrates subsequently dispersed
into the lower latitudes as the climate changed in the later
Cretaceous.

Mt. Siple is a 3,110-meter volcano that dominates the north-
west portion of Siple Island off the coast of Marie Byrd Land. On
22 February 1984 the first people to visit Mt. Siple landed at
Lovill Bluff along the east coast of Siple Island. During the 4-day
visit, geologists collected rock samples and other data to learn
about the volcano's composition and structural characteristics.
These data suggest that Mt. Siple is like other volcanoes in Marie
Byrd Land (a felsic shield volcano overlying a basal succession
of basalt flows) and that it erupted at or just beyond the margin
of the continental ice sheet. If this is true, Mt. Siple may mark
the long-term limit of the advance of the ice sheet. The
geologists will need more data on the age at which lavas were
erupted before this can be confirmed. Also working on the
island was a U.S. Geological Survey team that collected data to
improve small-scale maps of the region. Their data indicate that
existing maps incorrectly show Siple Island to be about 15 miles
north and 13 miles east of its actual position.

Glaciology

The west antarctic ice sheet, which covers more than 2.6
million square kilometers of Antarctica, is the world's only
marine-based ice sheet. A marine-based ice sheet is more likely
to respond to climatic changes than the world's two land-based
ice sheets—in East Antarctica and Greenland. Because informa-

tion about the history and present status of the west antarctic ice
sheet is limited, four teams of glaciologists began collecting data
on its stability, structure and dynamics, and behavior during
the last glaciation and interglacial period. During the 1983-1984
austral summer, working on the Siple Coast (82°S 155°W), they
concentrated on ice streams (fast-moving portions of an ice
sheet) that flow from Marie Byrd Land into the Ross Ice Shelf.
These ice streams, separated by nearly stagnant ice ridges, play
an important role in the ice sheet's response to change. Radar
profiling data covering about 200 kilometers along and across
one ice stream indicate that the ice is about 1 kilometer thick
over a flat, smooth bottom. These data along with other
glaciogeophysical data will help to describe the
sub-glacial topography of the bedrock and the internal physical
characteristics of the ice sheet. At a site on this ice stream (as
well as at other sites) the glaciologists established a strain grid,
parallel to the margin of the ice stream, to measure how much
and in what direction the ice stream is moving. These data and
data acquired at another ice stream and an ice dome will help
describe the dynamics of this area.

At Siple Station ice-core drillers retrieved a 201-meter ice core
and at Amundsen-Scott South Pole Station obtained a 123.5-
meter core from the ice between 230 and 353.5 meters depth.
Investigators from the University of Bern, Switzerland, are
using these cores to determine the concentration of prein -
dustrial atmospheric carbon dioxide and its natural variations.
Also, they are measuring the ratio of carbon-13 to carbon-12 and
the levels of trace gases such as methane in preindustrial carbon
dioxide. From these data they will be able to describe the history
and climatic influence of atmospheric carbon dioxide. Prelimi-
nary electrical conductivity measurements of the Siple core
show clearly visible seasonal variations. The researchers have
dated the ice layers with an accuracy of about 3 years—for
example, ice obtained from a depth of 144 meters fell as pre-
cipitation in 1753, plus or minus 3 years.

Ocean sciences

Since the 1982-1983 austral summer, oceanographers have
monitored the transport of heat and salt from the open ocean
into the area beneath the Ross Ice Shelf. Heat transferred from
seawater to the base of the ice shelf determines the ice-melting
rate, which influences the mass balance of the ice shelf as well as
the stability of the ice sheet and sea level. These shelf waters
contribute not only to glacial melting but also to deep and
bottom water formation. During the 1983-1984 austral summer
researchers retrieved nine current meters deployed the pre-
vious season and deployed 24 new instruments. They collected
temperature and conductivity data and sampled water for sali-
nity, dissolved oxygen, nutrients, oxygen-18, carbon dioxide,
alkalinity, and freon. Preliminary results of their work indicate
that the "warm" water that intrudes underneath the ice shelf
apparently varies about 2°C throughout the year. From these
data and data obtained in previous years, they will evaluate the
relative roles of vertical and horizontal fluxes in Ross Sea cir-
culation, determine the impact of glacial ice and sea ice on
thermohaline structure, and establish space and time scales so
that natural or human-induced perturbations can be modeled.

In January and February 1984, the U.S. Geological Survey
(USGS) research ship S.P. Lee conducted two antarctic marine
geological and geophysical surveys. During the first cruise, a
13-day survey of the Wilkes Land continental margin from
130°E to 150°E, geologists and geophysicists mapped the shelf
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seafloor by side-scan sonar and collected geophysical data,
including acoustic reflection profiles, multichannel seismic and
single-channel seismic-reflection data, as well as sediment
cores. With these data and samples, they are beginning to
describe the seafloor in this region. After analysis they will
know more about the region's geologic history. They found that
a ridge forms the southern boundary between the continental
margin and ocean basement. Their seismic data indicate that a
sediment wedge that forms the margin's slope and rise is be-
tween 3 and 6 kilometers thick and that the continental shelf
may be thicker than 3 kilometers. A sedimentary wedge under-
neath the continental rise has a lower unstratified sequence
close to land and an upper stratified sequence, extending over
the oceanic crust, that active bottom currents have eroded re-
cently. Above the upper sequence, sharp-crested depositional
ridges, spaced 35 kilometers apart, dominate the seafloor mor-
phology of the continental rise. In water deeper than 500
meters, side-scan sonar data revealed that over time large tab-
ular icebergs apparently have helped shape the seafloor by
gouging it. Analysis for hydrocarbons in gases extracted from
the sediment cores showed that methane dominates with
higher order hydrocarbon gases present in much lower
concentrations.

During the second cruise, a survey of the Victoria Land basin
and the Iselin Bank in the Ross Sea, USGS geophysicists col-
lected multichannel and single-channel seismic-reflection data,
acoustic reflection profiles, magnetic gradiometer data, and
gravity data, as well as sediment cores, dredge samples, and
heat flow measurements. Preliminary analyses of their data
suggest that this basin's history is dominated by geologic proc-
esses that may be related to the Cenozoic uplift of the Transant-
arctic Mountains. High-resolution seismic reflection profiles of
the northeastern portion of the basin's floor reveal features that
are probably related to the last ice-shelf advance.

Atmospheric sciences

By releasing a unique gas—called "heavy methane"—into the
atmosphere at specific locations and times, scientists studied
how regional weather patterns (or meridional transport) carry
pollutants to Antarctica from lower latitudes. This gas is com-
posed of the isotopes carbon-13 and deuterium and can easily
be detected up to about 2,000 kilometers away even in extremely
low concentrations. Samplers were installed at McMurdo,
Palmer, Amundsen-Scott, Halley Bay, Dumont d'Urville, Syo-
Wa, Casey, and Mawson stations. The scientists released the
first tracer on 9 January 1984 from a National Science Founda -
tion Hercules (LC-130) enroute from Christchurch, New Zea-
land, to McMurdo Station and the second on 8 June 1984 during
an austral winter flight by a U.S. Air Force WC-135 airplane.
After the January tracer was released, each station collected
samples continuously for 3 days during a 60-day period. Be-
tween 9 January and 15 February, scientists also collected 100
samples during routine LC-130 flights between U.S. stations, as
well as between McMurdo, Antarctica, and Christchurch, New
Zealand. Meteorologists from the U.S. Air Force, the British
Antarctic Survey, and Washington State University predicted
before the first tracer's release that its initial path would be east
and south. Although data analysis continues, the comparison
of the actual path with the predicted path will increase under-
standing of weather patterns and atmospheric transport in
Antarctica.

In the Northern Hemisphere atmospheric scientists observed
that sulfuric-acid aerosol levels increased dramatically after four

major volcanic eruptions between 1980 and 1982. Data collected
in Wyoming indicated that sulfuric acid condensation nuclei
were forming at altitudes of about 30 kilometers in the Arctic;
the scientists believed that these nuclei formed from vol-
canically derived sulfuric acid during large, rapid temperature
variations, particularly during winter and spring. To determine
if a corresponding effect occurred in the Southern Hemisphere,
they released a 7,230-cubic-meter-volume, instrumented bal-
loon (the largest ever released in Antarctica) in October 1983 to
collect samples. These showed that an extensive aerosol layer,
consisting of aerosols similar in size to those encountered in the
Northern Hemisphere, exists at altitudes between 11 and 17
kilometers. The results of their investigation support the theory
that stratospheric warming creates temperatures that are high
enough to cause existing sulfuric acid/water aerosols to vaporize
and create high acidic-vapor concentrations. If this vapor is
cooled rapidly enough, nucleation occurs, similar to the way fog
forms. In Antarctica this process apparently occurs at about 20
kilometers.

On 16 February 1984, researchers at McMurdo and
Amundsen-Scott South Pole stations recorded an outstanding
solar cosmic-ray event. The largest magnitude (205 percent) was
recorded at South Pole Station, which houses the world's most
sensitive ground-based detector of solar cosmic rays. The event
peaked after only 8 minutes, indicating that the sun ejected
gigaelectronvolt protons very rapidly into space. The scientists
estimate that the peak flux of particles with relativistic energies
(above I gigaelectronvolt) reached Earth at a location alined
along the sun-earth interplanetary magnetic field line. No
event approaching this magnitude, which had a ground-level-
enhancement of 300 to 400 percent above the pre-event level,
has been recorded since 1956. The last four ground-level-
enhancement producing flares occurred in the Sun's southern
hemisphere. Only five out of 33 earlier events were associated
with southern hemisphere flares. If this persists, it will indicate
a change in the Sun's internal structure.

1983-1984 austral summer operations and support

Between August 1983 and April 1984, land-based research
was conducted at the four U.S. stations (McMurdo, Amundsen-
Scott South Pole, Siple, and Palmer), at small field camps, at a
large camp on the Siple Coast, and at stations of other nations.
Two U.S. Coast Guard icebreakers (Polar Sea and Westwind, each
with two helicopters), the Foundation's ship Hero, and the re-
search ship Melville (operated by Scripps Institution of
Oceanography as a part of the University-National
Oceanographic Laboratory System) supported marine re-
search. Besides these ships, two other U.S. research ships (SR.
Lee and Knorr) supported research projects in antarctic waters.

After bad weather at McMurdo Station delayed the start of the
winter-fly-in for 2 days, two ski-equipped Hercules airplanes
(LC-130s) left Christchurch, New Zealand, on 26 August with
three more following on 27 August. The last flights flew south
on 28 August after receiving good weather reports from
McMurdo Station. As the airplanes passed the point of safe
return, the pilots learned that the weather at McMurdo Station
was deteriorating rapidly. When they reached Ross Island, they
were confronted with zero visibility and winds gusting at more
than 60 knots. The airplanes circled McMurdo's ice-shelf skiway
waiting for the weather to improve, but diminishing fuel sup-
plies forced them to land in the emergency landing area. De-
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spite this bad weather, 175 Navy and contract personnel arrived
safely at McMurdo Station to assist wintering personnel with
preparations for the austral summer.

The major deployment of science and support personnel
began on 3 October. Seventeen flights by U. S. Air Force Mili-
tary Airlift Command C-141 wheeled airplanes and 14 flights by
Royal New Zealand Air Force C-130 airplanes augmented NSF
LC-130 flights in transporting personnel and priority equip-
ment to McMurdo Station's sea-ice runway until 16 December
when LC-130 operations shifted to the Williams Field skiway on
the Ross Ice Shelf. Between 19 October 1983 and 19 February
1984 Navy pilots flew six LC-130 airplanes 3,298 hours to bring
personnel and equipment to U. S. stations and support science
in remote areas. They also flew seven UH-1N helicopters 1,339
hours to support science near McMurdo Station. During the
austral summer these airplanes and helicopters transported
5,682 passengers, over 3.3 million pounds of mail and cargo,
and 306,278 gallons of fuel.

Other Navy logistics included operation of a tanker (USNS
Maumee) and a cargo ship (USNS Southern Cross), which made
its last resupply trip to McMurdo in February 1984.

The U. S. Coast Guard (USCG) icebreaker Westwind began
science support operations in the Weddell Sea in November
1984; Polar Sea arrived at Palmer Station with supplies and per-
sonnel in late December 1984. After completing its first science
cruise in early December 1984, Westwind began a cruise to sup-
port geologists working on Seymour Island. On 27 December
Polar Sea left Palmer Station enroute to McMurdo Station, but on
2 January the icebreaker was called to assist Westwind, which
was beset in Weddell Sea pack ice with a ruptured hull. The next
day Polar Sea was notified that Westwind was no longer in imme-
diate danger, and the icebreaker proceeded south to McMurdo
Station, where it arrived to open a channel in McMurdo Sound
sea ice on 9 January 1984. Polar Sea escorted the tanker and cargo
ship and supported science in the Ross Sea area until 16 Febru-
ary when it began its return trip to Palmer Station. During this
cruise it supported science along the west antarctic coast and on
Siple Island. After a brief stop at Palmer Station, Polar Sea sailed
north towards the United States. Westwind returned to the Unit-
ed States after its hull was patched at King George Island.

During the austral summer more than 200 scientists worked
at or near McMurdo Station, transited through McMurdo to
remote sites and other stations, or boarded the Polar Sea there.
Members of the Naval Support Force Antarctica (NSFA) oper-
ated facilities at McMurdo Station, provided health services and
long-range communications, and planned and coordinated
Navy and Coast Guard logistics. Besides military personnel,
240 contractor (ITT/Antarctic Services, Inc. or ANS) employees,
based at McMurdo Station, coordinated or supported research
there or at inland sites. They also operated the science laborato-
ries and the skiway at Williams Field, constructed a camp at The
Strand Moraines and a new aquarium at McMurdo, continued
work on the new water distillation plant, and began to construct
a salt-water intake quay, extend the existing sewer discharge
quay, and assemble buildings for Williams Field III. Communi-
cations with the United States were improved when in De-
cember 1983 a new International Maritime Satellite system be-
gan operating. This satellite system enables personnel in
Antarctica to transmit data and talk directly by telephone to
people in the United States.

Contract employees operated Amundsen-Scott South Pole,
Siple, and Palmer stations, a field camp on the Siple Coast, and
the RAT Hero. At South Pole Station, which began summer

operations on 1 November 1983, 27 ANS employees and 3
military personnel supported 56 scientists. Among the projects
completed during the austral summer were construction of a 30-
meter meteorological tower near the clean-air facility, installa-
tion of a new antenna to improve communications with Palmer
Station, reconstruction of the garage floor and station
bulkheads, and improvements to the water system. In support
of science, ANS employees built a new telescope platform and
completed an optics room. Amundsen-Scott South Pole Station
began winter operations on 11 February 1984.

Siple Station began summer operations on 2 November 1983;
during the austral summer nine ANS employees and two Navy
personnel supported eight scientists and prepared the station
for a 2-year closure. ANS employees disassembled the summer
camp, placed all components (including surface supply caches
and vehicles) on berms, and stored or secured to their towers
communications and selected science antennas. They also in-
stalled a refueling system for use by British Antarctic Survey
Twin Otter airplanes that will support U. S. and British
geologists working in this area while the station is closed. After
winterization was completed, Siple Station closed on 20 January
1984.

Antarctic Peninsula operations began for the austral summer
on 28 November 1983 when Hero arrived at Palmer Station with
supplies and summer support and science personnel. Twenty-
two ANS employees and 1 Navy corpsman supported 22 scien-
tists at the station; 12 ANS employees operated the Hero which
supported 8 scientists during each cruise. Besides routine sci-
ence support, ANS employees redesigned the sea-water intake
system, completed a new carpenter shop, converted the old
shop to a laboratory/dive locker, installed a new fire detection/
alarm, and replaced a Jarnesway with a new prefabricated struc-
ture. Winter operations began on 15 April when Hero left the
station with the last summer personnel.

Support in the United States

Between 1 June 1983 and 31 May 1984 the staff of Florida State
University's sediment core facility distributed 6,179 samples
from 422 piston, trigger, Phleger, and drill cores, seafloor sedi-
ments recovered during 43 cruises by three ships, and one drill
hole in Wright Valley, southern Victoria Land. The samples
were sent to 29 investigators representing 20 institutions in
Argentina, Brazil, Yugoslavia, Sweden, and the United States.
Also, several smear slide samples, miscellaneous core seg-
ments, and rock samples were loaned to scientists for non-
destructive measurements and X-radiography. New core re-
ceived was limited to approximately 275 meters of frozen drill
core recovered from eastern Taylor Valley by U.S. Geological
Survey personnel, 150 kilograms of frozen rock specimens col-
lected in the southern Victoria Land's ice-free valleys by Florida
University biologists, and 50 kilograms of grab and bag samples
recovered during a 1979-1980 cruise of the USCG icebreaker
Glacier. The staff described 148 piston and trigger cores, 120 grab
samples, and 24 samples of miscellaneous bagged sediments
recovered from the northern Antarctic Peninsula area by Glacier
during the 1981-1982 austral summer and 17 piston-core sedi-
ments, 22 grab samples, and other miscellaneous samples re-
covered from the Ross Sea-Sulzberger Bay area by Glacier dur-
ing the 1982-1983 austral summer.

At the Smithsonian Oceanographic Sorting Center in Wash-
ington, D. C., the staff prepared unprocessed collections and
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classified more exactly taxa that in their coarsely sorted states
had received little or no attention from specialists. The center
classified and labeled for distribution over 3,500 lots of sorted
specimens that included 76 new samples (mostly benthic inver-
tebrates taken during RN Hero cruise 82-4). About 54,343 sorted
specimens were counted and recorded. Seventy-four spe-
cialists, many of whom were new recipients of antarctic collec-
tions from the center, received 160,717 specimens, most of
which were benthic invertebrates and zooplankton.

The curation and classification of meteorites collected in Ant-
arctica continued at the Smithsonian Institution and at the Na-
tional Aeronautics and Space Administration's Johnson Space
Center. At the Smithsonian Institution, researchers in the De-
partment of Mineral Sciences examined and classified 295 mete-
orites collected between 1978 and 1984 from the Allan Hills,
Elephant Moraine (in southern Victoria Land), Pecora Escarp-
ment, the Thiel Mountains, and Taylor Valley. Results of this
work were published in the Antarctic Meteorite Newsletter, 6:2
and 7:1, and "Field and laboratory investigations of meteorites
from Victoria Land, Antarctica" (Smithsonian Contributions to the
Earth Sciences, number 26). At Johnson Space Center meteorites
were curated and distributed from special facilities, patterned
after the curation system used for lunar samples to retain their
relatively pristine state. Between 1978 and 1984, NASA has
distributed more than 1,000 samples to 100 laboratories in 13
countries.

Between mid 1982 and the end of 1983 ice-core samples were
distributed to 24 scientists in the United States from a facility at
the Department 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. During 1984 Volume 13
of the bibliography, containing 2,368 citations of the world's
recent antarctic literature, was published. With the completion
of this volume, the bibliography's 13 volumes now include
33,593 citations. Most of these citations are available for on-line
searching through the System Development Corporation's OR-
BIT system. An additional project completed during 1984 was
the publication of cumulative indexes for volumes 8 through 12
of the bibliography.

The American Geophysical Union (AGU) continued to pub-
lished the Antarctic Research Series. This series, published by
AGU with support of the National Science Foundation since
1963, is designed to serve scientists and graduate students
actively engaged in antarctic or closely related research and
others versed in the biological or physical sciences. During 1983
volumes 34, 37, 38, and 39, which focused on marine and

terrestrial biology, were published; in 1984 volumes 36, 40, and
41 (covering geology and marine biology) were published.

Budget

Fiscal 1984 support of the U. S. antarctic program, provided
through the National Science Foundation, totalled $102,611,600
in the following major categories:
• grants to institutions for scientific projects in atmospheric

sciences $2,200,000, biological sciences $2,600,000, earth sci-
ences $1,800,000, glaciology $1,600,000, oceanography
$1,600,000, information and advisory services $600,000, and
direct science support (costs normally included in a grant for
work at an institution but provided in Antarctica from pro-
gram resources) $12,100,000. This comprises $22,500,000 in
total science support.

• construction and procurement $19,600,000
• logistics and support $60,511,600.

Additional projects

Although reports do not appear in this issue of the Antarctic
Journal, the following additional projects were supported by the
U.S. Antarctic Research Program during fiscal 1984:

Marine biology: Behavioral ecology of antarctic krill (William M.
Hamner, University of California); Reproduction, feeding,
swimming energetics, and larval physiology of Euphausia superba
(Landgon Quetin and Robin Ross, University of California);
Abundance and feeding of krill in the pack ice (Jeanne C. Stepien,
Lamont-Doherty Geological Observatory of Columbia
University)

Earth sciences: Magnetostratigraphy and sedimentology in ice-free
valleys and McMurdo Sound (Donald P. Elston, U. S. Geological
Survey)

Glaciology: West antarctic glaciology (Robert A. Bindschadler,
NASA/Goddard Laboratory for Atmospheric Sciences)

Ocean sciences: Structure and petrology of the antarctic plate bound-
ary in the southwestern Indian Ocean (Robert L. Fisher, Scripps
Institution of Oceanography); Petrology and geophysics of the
southern end of the Mid-Atlantic Ridge (Henry J. B. Dick, Woods
Hole Oceanography Institution)

Upper atmosphere studies: Extended observations of solar oscilla-
tions (Robin Stebbins, Sacramento Peak Obervatory)

Support and logistics: Logistics and support for the U. S. Antarctic
Research Program, 1983-1984 (Brian Shoemaker, U. S. Naval
Support Force Antarctica)
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Terrestrial geology and geophysics

Problems with reconstructions of
Gondwana

L. A. LAWyER

Institute for Geophysics
The University of Texas at Austin

Austin, Texas 78751

Theoretical reconstructions of Gondwana have often had
flaws that made them unsatisfactory. These flaws point to three
major reconstruction problems: (1) the placement of the Ant-
arctic Peninsula with respect to South America (Barron, Har-
rison, and Hay 1978; Norton and Sciater 1979; Powell, Johnson,
and Veevers 1980), (2) the placement of Madagascar (Green
1972; Barron et al. 1978), and (3) the lack of constraints on the
placement of India.

The first problem seems to have been partially solved by the
assumptions made by Dalziel and Elliot (1982) that West Ant-
arctica and in particular the Antarctic Peninsula were not a rigid
single piece of East Antarctica prior to the Late Cretaceous.
Reconstructions by Lawyer, Sciater, and Meinke (in press) indi-
cate that paleo-plate motions do not produce an overlap be-
tween the Antarctic Peninsula and South America except prior
to sometime before anomaly MO (approximately 118 million
years ago) time. At anomaly M12 (132 million years ago) and
older, the presumed plate motions between South America and
Africa and between Africa and East Antarctica make a rigid
antarctic plate as we now know it unacceptable. By accepting
Daiziel and Elliot's (1982) model that separates the antarctic
plate into East Antarctica, the Antarctic Peninsula, the
Ellsworth Mountains, Marie Byrd Land, and other pieces and
that assumes differential movement between the pieces, one
can reconstruct Gondwana without an unacceptable overlap
between the Peninsula and the Falkland Plateau. The coales-
cence of West Antarctica prior to anomaly MO (118 million years
ago) time is supported by the paleomagnetic work of Longshaw
and Griffiths (1983). They found that the available paleomag-
netics data do not provide any conclusive evidence for or
against relative motion of the Peninsula since the Early Cre-
taceous. As yet, there are no accepted models to suggest where
the fragments of the Antarctic Peninsula were prior to their
coalescence or the time they did coalesce.

The problem with the placement of Madagascar in Gond-
wana also seems to have been settled. Recent publications con-
cerning marine magnetic anomaly identifications in the Somali
Basin (Segoufin and Patriat 1980; Rabinowitz, Coffin, and
Falvey 1983) and in the Mozambique Basin (Segoufin 1978;
Simpson et al. 1979) fairly conclusively prove that Madagascar
originally occupied a northern position with respect to Africa
rather than the southern position next to Mozambique that

some people favor on the bases of geologic trends (Flores 1970;
Green 1972). Paleomagnetic evidence presented by Scrutton,
Heptonstall, and Peacock (1981) also strongly supports a north-
ern position of Madagascar between Carboniferous and Jurassic
times.

While there is still some controversy concerning the rate of
seafloor spreading that occurred between Madagascar and Af -
rica, both Segoufin and Patriat (1980) and Rabinowitz et al.
(1983) date the initial seafloor spreading as Middle Jurassic.
While Rabinowitz et al. (1983) have the Somali Basin spreading
center extinct by M12 time (132 million years ago), Segoufin and
Patriat (1980) date the symmetrical anomalies as having been
formed at a spreading center active until just after MO time (118
million years ago). Lawyer et al. (in press) pointed out that
having had the Somali Basin fully opened by M10 time caused
some overlap between Madagascar and East Antarctica while
Segoufin (Patriat personal communication) recently revisited
the Somali Basin and reconfirmed their date of the later cessa-
tion of the Somali Basin spreading center.

With the apparent solution of the first two problems facing
Gondwanide reconstructions the problem of the placement of
India in Gondwana can be attempted. Because we no longer had
the constraint of where to put the Antarctic Peninsula so that it
would not overlap the Falkland Plateau or lie west of South
America, we were able to use the Mesozoic magnetic anomalies
of Segoufin (1978) and Simpson etal. (1979) in the Mozambique
Basin and the similarly aged anomalies identified by Bergh
(1977) off Queen Maud Land, East Antarctica to reconstruct East
Antarctica with Africa.

By using the University of Texas, Institute for Geophysics,
Evans and Sutherland three-dimensional graphics terminal, we
are able to do interactive reconstructions that are dimensionally
correct. We assumed that the Mozambique Ridge was at least
partially continental and so an original part of Gondwana. In
our reconstruction shown in the figure, it became apparent that
the initial breakup of Gondwana occurred in the Somali Basin,
the Mozambique Basin, and by necessity what is now the west-
ern Weddell Sea. The Davie Ridge is the trace of a presumed
transform fault that offset the initial rifting in the Somali Basin to
the Mozambique Basin, while the Mozambique Scarp and the
Riiser-Larsen Iceshelf are remnants of the transform fault that
offset the spreading in the Mozambique Basin to the south-
western Weddell Sea. The fit of Africa, Madagascar, and East
Antarctica discussed previously rules out the placement of Sri
Lanka between Madagascar and East Antarctica as Smith and
Hallam (1970) originally suggested. The reconstruction shown
in the figure leaves only one place to put the India/Sri Lanka
block but only if Sri Lanka is closed with India as suggested by
Katz (1978). By closing up Sri Lanka with India the two fit into
the socket of East Antarctica formed by the Gunnerus Ridge,
Lutzow-Holm Bay, and the Coast of Enderby Land. This recon-
struction nearly juxtaposes similar rock types of East Antarctica
with South India (Grew 1982-a, 1982-b) and matches recognized
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Reconstruction of Gondwana calculated holding South America
fixed In a present-day reference frame. Dotted lines are the 3,000-
meter contour. Stippled areas In southeast India and Enderby Land
are charnocklte localities (Grew 1982-a, 1982-b). Double lines are
approximate locations of lineations in Madagascar and southwest
India (Katz and Premoli 1978). ("FP" denotes Falkland Plateau, "MA"
denotes Mozambique Ridge, "RLIS" denotes Riiser-Larsen Ice
Shelf, "LHB" denotes Lutzow-Holm Bay.)

Precambrian lineaments across India and Madagascar (Katz and
Premoli 1979).

We feel that we have produced a viable reconstruction of a
part of Gondwana. We used the available marine geophysical
data to produce a model that turns out to be consistent with
observed trends on land. It is ironic that our final reconstruction
using the latest computer modeling capabilities looks very sim-
ilar to the reconstruction of Gondwana published by DuToit in
1937.

This research was supported by National Science Foundation
grant DPP 84-05968.
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Fossil conchostraca: Gondwana
continents, northern Victoria Land,

Antarctica, and South Africa
P. TASCH

Department of Geology
Wichita State University
Wichita, Kansas 67208

Gondwana continents. I recently completed a book-length
manuscript, "Fossil Conchostraca of the Southern Hemisphere
and Continental Drift. Paleontology, Biostratigraphy and Dis-

persal" (publication pending). This book describes new fossil
conchostracan taxa, and/or revised known species, from Africa
(Carboniferous, Permian and all of the Mesozoic), South Amer-
ica (same geologic spread as Africa), Antarctica (Devonian,
Permian, and Jurassic) Australia (Devonian, Carboniferous,
Permian, Triassic, and Cretaceous), and India (Carboniferous,
Permian, Triassic, and Jurassic).

Shared fossil conchostracan genera and/or species (Paleozoic/
Mesozoic) were found to occur between Antarctica, India, and
Australia; Antarctica and Australia; Antarctica and Africa; Af-
rica and South America (figure 1); India, Africa and South
America. Previously hard data for equivalent and/or identical
fossil conchostracan bioprograms in each of the southern con-
tinents, including Antarctica, were not available. Documenta-
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Figure 1. Distribution of conchostracan-bearing beds of South
America and Africa (Upper Paleozoic/Lower Mesozoic). (An addi-
tional Permian locality occurs in Cordoba, Argentina.) A single point
in many localities can represent one, a few, or multiple outcroppings
in the general region indicated.

lion (taxonomy, measurements, photographs, biostratigraphy,
paleoecology, evolution, and dispersal data) is given in the
above manuscript.

Such dispersal evidence of what transpired between the
southern continents has direct significance for drift theory,
because conchostracans, living and fossil, occupy/occupied
ephemeral non-marine habitats. [Transition from sea to land for
conchostracans occurred in several pulses from Lower Devo-
nian into Carboniferous time (Tasch 1969).]

Northern Victoria Land. Evidence has been accumulating of a
new conchostracan district in northern Victoria Land, due to
recent Jurassic collections by David Elliot from Agate Peak (a
few fair specimens), Mount Frustum (fragments only), and Gair
Mesa (best collection thus far). The more extensive Gair Mesa
collection and additional material from Agate Peak are proj-
ected future studies, that will permit comparison with data
available from southern Victoria Land Sites.

Mauger Nunatak. Restudy of some Mauger Nunatak slabs
revealed the presence of sparse macroscopic plant debris. This

was in contrast to the apparent complete absence of floral evi-
dence previously recorded.

Republic of South Africa and Lesotho. New species of Cornia,
Asmussia, three new species of Cyzicus, and one undetermined
species of Paleolimnadia have been described and placed in a
biostratigraphic context in the Cave Sandstone of South Africa
and Lesotho. A correlation between conchostracan-bearing
beds in these two states was established (Tasch 1984).

Australia (New South Wales). A single fossil molluscan valve
(pelecypod) merits comment, because it is the first ever found in
the Newcastle Coal Measures conchostracan bearing beds (fig-
ure 2).

:-	!fl

Figure 2. Rare occurrence: a single molluscan valve (Pelecypoda) in
Upper Permian conchostracan-bearing beds of New South Wales,
(Tasch 1984, station, bed 4).

This work was supported by National Science Foundation
grant DPP 77-20490 and supplements.
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Decapod crustaceans from the Late
Cretaceous and the Eocene of

Seymour Island, Antarctic Peninsula

R. M. FELDMANN

Department of Geology
Kent State University

Kent, Ohio 44242

During the austral summer of 1983-1984, the second U.S.-
sponsored Seymour Island expedition conducted extensive pa-
leontological field work to augment collections made during the
first expedition, 2 years previously. On the first expedition, a
small but very significant collection of decapod crustaceans was
made. Thus, one of the express purposes of the 1983-1984
expedition was to supplement those collections and to make
collections of decapod-associated organisms. As a result of that
work, this paper reports the occurrence and distribution of no
fewer than nine decapod taxa, three from the Cretaceous terrain
and six from the Eocene.

Prior to this time, only 21 species-level taxa of decapods had
been described from Antarctica (Feldmann and Zinsmeister
1984, p. 1048), of which two were recently named species repre-
senting the only known Eocene forms from Seymour Island
(Feldmann and Zinsmeister 1983, 1984). Earlier work on James
Ross Island (Ball 1960) and Alexander Island (Taylor 1979) re-
sulted in the description of 16 taxa ranging in age from Berria-
sian to Campanian. Subsequently, one of these species,
Hoploparia stokesi, was noted from Seymour Island (Del Valle
and Rinaldi 1975). The decapod assemblages from the Cre-
taceous of Seymour Island appear to resemble most closely the
Campanian occurrences noted on James Ross Island, whereas
the Eocene occurrences of Seymour Island are unique.

Cretaceous occurrences. Two locations in the Late Cretaceous
Lopez de Bertodano Formation (figure 1, localities 1 and 2)
yielded a large number of decapod specimens. All of them are
macrurans (lobster-like forms) and most are referrable to the
nephropid species Hoploparia stokesi (Weller), 1903 (Ball 1960)
(figure 2). Several fragmentary remains of another, more highly
ornamented form, have been tentatively referred to the erymid
genus Enoploclytia. The third taxon is represented by a single
specimen of carapace and abdomen referrable, with certainty,
to the palinurid genus, Linuparus. These notices represent the
first published record of Enoploclytia from Campanian rocks of
Antarctica and the first notice of Linuparus from the continent.

4

Figure 2. Fossil decapods from Seymour Island. A. Hoploparla
stokesL B. Lyreldus antarct!cus. C. Chasmocarcinus seymourensis.
Bar scales represent one centimeter. Notice that H. stokes! Is pre-
served in a concretion in the classic Salter's Position, Indicating that
It is a molted skeleton.

SEYMOUR
ISLAND
DECAPOD
LOCALITIES

/

/

Figure 1. Location map of Seymour Island (64 015'S 56045'W) showing the locations of the 15 sites where decapod fossils have been collected.
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All of the Cretaceous decapod material is well preserved in
concretions so that carapace material is intact and, particularly
in the case of Hoploparia stokesi, many of the specimens are
articulated. There is no evidence of post-mortem trans-
portation.

First noted by del Valle and Rinaldi (1975), the fauna is signifi-
cant in that it provides a firm tie with the decapod assemblage
described from James Ross Island (Ball 1960). At the same time,
the number of Cretaceous species has now been expanded. The
absence of brachyurans (crab-like forms) in not atypical of Cre-
taceous assemblages and may reflect their scarcity or sampling
bias.

Eocene occurrences. Brachyurans are the dominant forms col-
lected from the Eocene La Meseta Formation. In this unit, at
least five distinctly different species of brachyurans and one
species of anomuran, the ghost-shrimp Callianassa (figure 1,
locality 4), have been collected, Decapod fossils are relatively
common in the middle and upper part of the formation where
they are most commonly preserved in concretions but occasion-
ally can be found as loose specimens.

The crab fauna of the La Meseta Formation is overwhelmingly
dominated by Lyreidus antarcticus figure 2, item B, figure 3). This
species has been collected from no fewer than eight sites (figure
1, localities 3, 4, 6, 7, 8, 10, 13, and 15) and is now represented
by over 100 specimens. Invariably, this species is preserved in
concretions and is exceptionally well preserved so that nearly all
hard parts ultimately can be described.

The other occurrences of crabs consist of one or only a few
specimens but all are significant because they represent first
occurrences from Antarctica and, in many cases, the earliest
occurrences of the taxon in the fossil record. Of these, only
Chasmocarcinus seymourensis (Feldmann and Zinsmeister (1984)
(figure 1, locality 14; figure 2, item c) has previously been
described. The remaining species include a dromiacian (figure
1, localities 4, 9, and 12), a calappid (figure 1, locality 12), and a
portunid (figure 1, locality 12).

Study of the Eocene forms has already yielded valuable infor-
mation ragarding the evolution and biogeography of southern
hemisphere forms (Feldmann and Zinsmeister 1984;
Zinsmeister and Feldmann 1984). Description and interpreta-
tion of the taxa reported here for the first time will provide
additional valuable information regarding the history of de-
capod faunas.

Summary. Collections of decapods made during the
1983-1984 field season has increased the known occurrences on
Seymour Island from three to nine, has provided numerous
additional specimens of Lyreidus antarcticus which will make
possible the detailed study of the comparative anatomy of that
species, has confirmed the close association of the decapod
faunas of James Ross Island with that of the Lopez de Bertodano
Formation of Seymour Island, and greatly has enlarged the
sample of Hoploparia stokesi which will enhance our understand-
ing of that form. Finally, these discoveries reconfirm the key
position of the study of the paleontology of Seymour Island to

Figure 3. Closeup view of some of the fossil Lyreidus antarcticus
collected from the site of its greatest abundance, locality 6.

the interpretation of the Cenozoic history of the southern
hemisphere.

This research was supported by National Science Foundation
grant DPP 82-13985 to William J. Zinsmeister. Other members of
the research team were Frederick Barbis, Judd Case, Dan
Chaney, Sankar Chatterjee, Brian Huber, Carlos Macellari,
Michael Nickel, James Robinson, Peter Sadler, Brian Small,
Michael Woodburne, and William Zinsmeister.
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Palynological investigations of the
James Ross Island basin and

Robertson Island, Antarctic Peninsula

R. A. ASKIN

Geology Department
Colorado School of Mines
Golden, Colorado 80401

Stratigraphically well-controlled outcrop samples, with ap-
parently continuous sedimentation across the Cretaceous/Terti-
ary (KIT) boundary, show a gradually changing succession at
Seymour Island of both marine and non-marine fossil pal-
ynomorphs. Peridinioid and other dinoflagellates record evolu-
tion from an upper Maestrichtian assemblage into a "transi-
tional boundary zone" which spans the presumed K/T
boundary and is replaced by a distinctive Paleocene
assemblage.

Rich palynomorph assemblages, including marine micro-
phytoplankton (dinoflagellate cysts, acritarchs) and pollen and
spores, were found in samples collected by two expeditions to
the James Ross Island basin, the first in February and March
1982 (Askin and Fleming 1982), and the second in December
1983 and January 1984. Frederic C. Barbis and James M. Robin-
son collected over 320 samples for palynological study during
this second expedition to Seymour Island, concentrating on the
uppermost part of the Lopez de Bertodano Formation (samples
collected at 0.5-meter intervals over the KIT boundary) and
sections at Cape Wiman. In addition, samples were collected
from Robertson Island further south along the Antarctic Penin-
sula (figure 1).

In central and southern Seymour Island, between about 25
and 10 meters below the presumed KIT boundary, the Isab-
elidinium n.sp.1—I. n.sp.2 dinoflagellate complex is gradually
replaced by the Isabelidinium druggii (Stover) Lentin and
Williams—I. seelandicum (Lange) Lentin and Williams complex.
This latter peridinioid dinoflagellate complex, along with com-
mon Exochosphaeridium bifidum (Clarke and Verdier) Clarke et al.
and Exochosphaeridium sp. 1, dominates the marine component
of the "transition zone" which spans the boundary. In its lower
part the "transition zone" includes the first rare occurrences of
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Figure 1. Locality map for James Ross Island basin and Robertson
Island.

Figure 2. Photomicrographs of dinoflagellate cysts from uppermost
Lopez de Bertodano Formation, Seymour Island. A. Spinidinium
macmurdoense (Wilson) Lentin and Williams, x 1000; B. Phe-
lodinium sp.ct. P magnificum (Stanley) Stover and Evitt, x 500; C.
Isabelidinium druggil (Stover) Lentin and Williams, x 500; D. De-
flandrea sp.cf. D. medcalfii Stover, x 500.

the peridinioid species Phelodinium sp.cf. P. magnificum (Stanley)
Stover and Evitt and Deflandrea sp.cf. D. med caifli Stover (figure
2). Both species become more numerous above the KIT
boundary.

The top of the "transition zone" is marked by the disap-
pearance of the I. druggii–I. seelandicum complex and E. bifidum,
and by the appearance, sometimes in great abundance, of Sene-
galinium sp.cf. S. obscurum (Drugg) Stover and Evitt, and Spin-
idinium macmurdoense (Wilson) Lentin and Williams. De-
flandreoid dinoflagellates with diagnostic excystment aper-
tures (wide hexa archeopyles) become abundant among the
marine forms up through the Paleocene section.

Confirmation of a Maestrichtian age for the lower part of the
"transition zone" is provided by the ammonite Pachydiscus n.sp.
(Macellari and Zinsmeister 1983), foraminifera, and other mi-
crofossils (Huber, Harwood, and Webb 1983). At the top of its
range the ammonite is associated with I. drugii–I. seelandicum
and E. bifidum. Wilson (1978) described I druggii–I. seelandicum
assemblages immediately below (rare) and above (abundant)
the KIT boundary dated by foraminifera at Woodside Creek,
New Zealand. As Wilson noted, I. drugii and I. seelandicum are
apparently restricted to the Late MaestrichtianlEarly Danian
interval worldwide. They occur in the type Danian at Stevns
Klint, Denmark (Lange 1969). E. bifidum is not known above the
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Maestrichtian outside Seymour Island. P. tnagnificum occurs in
Maestrichtian and Danian strata (e.g., Stanley 1965; Drugg
1967) and D. medcalfii in Paleocene/Early Eocene strata in Aus-
tralia (Stover 1973). Among the species occurring above the
"transition zone" S. obscurum was described from Maestrich-
tian/Danian rocks (Drugg 1967) and S. macrnurdoense from
Lower Tertiary (? Eocene) erratics in McMurdo Sound, Ant-
arctica (Wilson 1967). The latter species also occurs in the
Eocene of Seymour Island. "Wide hexa" species of Deflandrea
characterize Paleocene and younger strata.

In summary, there does not appear to be any evidence for an
abrupt change in the marine or non-marine palynomorph rec-
ord at Seymour Island at the KIT boundary. A gradual ap-
pearance of new non-marine plant species, particularly an-
giosperms, is evident through the Campanian/Maestrichtian/
Paleocene section.

Samples from further southwest at Robertson Island contain
non-marine and some marine species in common with Campa-
nian assemblages previously found at Vega Island (Askin 1983).
They show some compositional differences in the marine com-
ponent, however, and probably record different marine facies in
these correlative intervals.

I appreciate the care and quality of sample collecting by
Frederic C. Barbis and James M. Robinson and the support of
other members of the Seymour expedition and the captain and
crew of the USCGC Westwind. I thank Stephen R. Jacobson for
helpful discussion and Kenneth C. Pill for sample preparations.
This research is supported by National Science Foundation
grant DPP 80-20095.
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Late Cretaceous marine reptiles from
Antarctica

S. CHATTERJEE,

B.J. SMALL, and M.W. NICKELL

The Museum
Texas Tech University
Lubbock, Texas 79409

Chatterjee and Zinsmeister (1982) reported the discovery of
plesiosaurs, mosasaurs, bony fish, and sharks from Seymour
Island, Antarctic Peninsula. Further vertebrate assemblages
have been recovered from the same island during the 1983-1984
austral summer. The material was found in the late Cretaceous
Lopez de Bertodano Formation of the Marambio Group. The
lithologies include loosely consolidated sandstones and silty
sandstones which crop out in the southern two-thirds of
Seymour Island. Abundant invertebrates such as ammonites,

echinoids, bivalves, gastropods, and arthropods occur in these
sediments, indicating Campanian to Maestrichtian age (Rinaldi
et al. 1978).

Fossil reptiles are usually found scattered in hard concretion-
ary boulders of sandstone. Nowhere could these sandstone
layers be located in situ. As a result, articulated skeletons are
extremely rare. So far two partial skeletons of plesiosaurs have
been found in the unconsolidated silty sandstones. Except for
isolated braincases and jaw fragments, the rest of the material
represents postcranial skeletons of several individuals.

Because most of the bones were found in the hard, non-
calcareous sandstone, preparation of the material will be en-
tirely mechanical and thus a time-consuming process. At this
stage, the identification of taxa is tentative, and finer diagnosis
must wait until the preparation of the material is completed.

From the shoulder girdle and paddle it appears that the
plesiosaurs from Seymour Island are very similar to elas-
mosaurs. These long-necked giant reptiles reached a length of
15 meters. Among mosasaurids, both plioplaticarpines and
tylossaurines were present. These forms are characterized by
short bodies and long, pointed tails.
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Partial lower jaw of a new mosasaur from Seymour Island. ("cm"
denotes centimeter.)

Plesiosaurs and mosasaurs were large marine reptiles which
were abundant and diversified in the Cretaceous seas but be-
came extinct at the close of the period. (See figure.) With their
paddle-like limbs and their hydrodynamically streamlined
bodies, they were obviously well-adapted to an aquatic en-
vironment. Their record on Seymour Island indicates that these
marine animals co-existed in the late Cretaceous seas as far
south as the coast off the Antarctic Peninsula and must have
been able to traverse great areas of oceanic waters when the
temperature was more equable. Their discovery greatly extends
the known geographic range of these Cretaceous marine
reptiles.

The research is supported by National Science Foundation
grant DPP 82-14686. We thank Mort D. Turner and William J.
Zinsmeister for help and logistics.
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Geology of the Ellsworth Mountains—
data reduction, 1983-1984

G. E WEBERS

Macalester College
St. Paul, Minnesota 55105

J. F SPLETTSTOESSER

Minnesota Geological Survey
University of Minnesota
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Much of the past year was engaged in coordinating the pro-
duction of a volume on the geology and paleontology of the
Ellsworth Mountains. This volume was begun in 1982 following
the symposium on "The Geology of the Ellsworth Mountains,"
which was held at the 95th Annual Meeting of the Geological
Society of America in New Orleans in October 1982. Several
chapters have been delayed, pending a thorough review and
analysis of the large amounts of rock and fossil samples col-

lected in the 1979-1980 field season. Four new papers have been
recently added to ensure a more comprehensive volume. As of
June 1984, several completed chapters were in hand, several
had been reviewed, and others were in various stages of prepa-
ration. A colored geologic map (scale 1:250,000) of the entire
range, printed as a single sheet, is planned for inclusion as a
plate. The volume of some 25 or more papers, edited by C.
Craddock, J.E Splettstoesser, and G.F. Webers, is planned for
completion by the end of 1984, and printing in 1985, as a
Memoir of the Geological Society of America.

The annotated bibliography of the Ellsworth Mountains
(Webers and Splettstoesser 1982), which is being compiled on a
continuing basis, included about 150 citations as of May 1984. A
copy is available from the authors on request.

This research was supported by National Science Foundation
grant DPP 82-14212 to Macalester College (G.E Webers, prin-
cipal investigator).
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South Pole
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A recently identified high seismic velocity anomaly is broadly
located under the equatorial western Pacific and its antipode in
the depth interval 420-670 kilometers (Masters et al. 1982) (see
figure). The existence of this anomaly is identified with so few
degrees of freedom in the data that it is difficult to tell whether
the anomaly is not at shallower depth, nor can it be localized
laterally with any precision. The model has been criticized
because it does not take into account seismic information that
relates to samplings of the known shallower anomalies associ-
ated with the major tectonic features of the Earth such as the

subduction zones, spreading centers, and differences between
continents and oceans (Kawakatsu 1983). Kawakatsu uses
Okal's data, which are incapable of resolving questions about
structure below about 200 kilometers in the Earth, because
Okal's data are collected for a limited range of seismic wave
periods, a difficulty not present in the long-period data of Mas-
ters et al. (1982). On the other hand, Masters et al. (1982) use
globally collected data (1) which suffer from uncertain correc-
tions for ellipticity of the great circle path between the earth-
quakes and the seismic stations—this uncertainty becomes all
the more important at the long wavelengths that penetrate to
the depths of the proposed anomaly—and (2) which represent
global averages in some large-scale sense and hence the inter-
pretation for one region is influenced by errors in interpretation
or data relevant to another region. We remark that the Masters
et al. (1982) anomaly, if confirmed, has great bearing on con-
struction of models of convection in the Earth's mantle.

To test these competing models, we used recordings of three
large earthquakes made on the ultralong period seismograph at
the South Pole. The advantage of using seismic surface waves
that traverse great circle paths through the South Pole is that all
paths have the same length; hence ellipticity corrections, what-
ever they might be, are applied equally to all data. The three
events we used are the Gazli (1976, M=7.2), Sumbawa (1977,
M = 7.9) and Kuril Islands (1978, M = 7.5) earthquakes. Each of
these has a great circle path through the South Pole which has
one or more discriminating features with regard to the compet-
ing models: the GazlilSouth Pole great circle samples the broad
negative anomaly identified by Masters et al. (1982); the Sum-
bawa path passes through the flanks of the large positive anom-
aly they have identified; the Kuril path passes through the
maximum of the anomalous zone identified by Masters et al.
(1982) and samples the trench-subduction zone system of the

South Pole

Great circle paths through the South Pole and three earthquakes chosen to test the equatorial high-velocity anomaly between 420 and 670
kilometers of Masters et al. (1982).

1984 REVIEW



western Pacific as well, a potently anomalous zone in its own
right.

Without going into the details of the data analysis, we sum-
marize the conclusions that can be drawn from our study of the
dispersion of Rayleigh waves on the three records at the South
Pole:
• There is a major, high velocity anomaly at shorter surface

wave periods (periods less than 250 seconds) on the Kuril
path that is absent on the other two paths. The most likely
candidates for the cause of this anomaly are the subduction
zones of the western Pacific. The absence of this anomaly on
the Sumbawa path, plus other telling signs, indicates to us
that the anomaly begins to be equilibrated, or at least is not as
dramatically contrasted, with the surrounding mantle at
depths on the order of 400-450 kilometers under the
trenches.

• Okal (1977) failed to identify the high velocity anomaly near
subduction zones because of the use of a regionalization of
the Earth based on a 15-degree grid, aligned along parallels of
latitude and longitudinal meridians. These shorter period
data should be reanalyzed for shallower Earth structure with
a regionalization based on the surface expression of the major
plate tectonic features of the Earth.

• At longer periods, an independent-layer-by-independent-
layer analysis of the type carried out by Masters et al. (1982)
would seem to be unjustified. The anomalies probably ex-
tend across the various layers of the Earth and, if the anomaly
is truly present, is not likely to be confined to the interval
between 420 and 650 kilometers depth.

• The mantle on the long arc between the South Pole and Los
Angeles has anomalous high velocities at shallow depth rela-
tive to the global average for those depths and anomalous low
velocities at greater depth; the latter anomalies may extend to
perhaps 450 kilometer depth or even deeper. The long-arc
anomaly is consistent with the low-velocity torus of the
figure.

• The global reference model we have used is 1066A of Gilbert
and Dziewonski (1975).

• It is tempting to assign the dispersion anomaly that persists
to very long periods under the Sumbawa-South Pole great
circle, and its absence under the not-too-distant Kuril-South
Pole great circle, to the continuation of a deep continental root

to depths perhaps as great as 650 kilometers or beyond, and
to the absence of this deep S-wave velocity anomaly under
the oceans. This result, if confirmed, would seem to be in
accord with the model of a deep continental root proposed by
Knopoff (1972, 1983) and Jordan (1975). A result that indicates
the existence of profound differences in the thicknesses of the
lithospheres between continental shields and the oceans
places significant constraints on models of convection in the
Earth's mantle.

S The South Pole data represent an excellent benchmark
against which to check the results of modern interpretations
of deep mantle structure, especially in view of the aforemen-
tioned absence of significant differential ellipticity correc-
tions on South Pole data. We expect this application to be ever
more important as data with the growing network of ultra-
long period seismic stations become more and more
available.
This research was supported by National Science Foundation

grant DPP 81-17325.
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Sedimentary petrology of Permian and
Triassic Beacon sandstones, northern

Victoria Land
D. C. PENNINGTON and J. W. COLLINSON

Institute of Polar Studies
Department of Geology and Mineralogy

The Ohio State University
Columbus, Ohio 43210

Petrographic analyses of Beacon sandstone samples that were
collected in northern Victoria Land during the 1981-1982 field

season (Collinson and Kemp 1982) indicate important composi-
tional differences between Permian and Triassic units. Triassic
samples contain volcanic detritus; Permian samples do not.
Beacon exposures in the Rennick Glacier area (figure), including
the Helliwell Hills, Morozumi Range, Lanterman Range, Neall
Massif, and the Freyberg Mountains, which contain a Permian
Glossopteris flora, are assigned to the Takrouna Formation of
Dow and Neall (1974). A relatively thin sequence of sandstone
exposed along the margin of the polar plateau, including
Roberts Butte, Lichen Hills, and Vantage Hills, is characterized
by volcanic detritus. A Middle to Late Triassic microflora has
been reported from this unit at Section Peake in the Lichen Hills
(Gair et al. 1965; Norris 1965). These Triassic rocks were referred
to as "Takrouna(?) Formation" by Collinson and Kemp (1983),
but a new name should be assigned.
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Both Permian and Triassic units rest directly on basement
rocks in their respective regions. Known thicknesses of the
Takrouna Formation, which do not exceed 300 meters, are in-
complete and therefore probably represent only part of the
Permian. Triassic thicknesses, which are up to 45 meters, repre-
sent only the upper part of the Triassic. Volcanic influx, there-
fore, began in the northern Victoria Land region during Late
Permian or Early Triassic. In southern Victoria Land, volcanic
detritus occurs lowest in the Fleming Member of the Feather
Formation, which is probably Lower Triassic (Collinson, Pen-
nington, and Kemp 1983). In the central Transantarctic Moun-
tains, volcanic influx began during the deposition of the Upper
Permian Buckley Formation (Barrett 1969).

Modal analyses of 53 samples (300 points per sample) indicate
that sandstones of the Takrouna Formation range in composi-
tion from quartzarenite to subfeldsarenite and, in three cases,
feidsarenite (classification of Folk, Andrews, and Lewis 1970).
Detrital grains include quartz, feldspar, biotite, muscovite,
crystalline and metasedimentary lithic fragments, and heavy
minerals. Quartz grains are typically unstrained to slightly un-
dulose; polycrystalline grains make up less than 10 percent.
Quartz grains are mostly subangular to subrounded and com-
monly display syntaxial overgrowths. Feldspar content ranges
up to 25 percent and is almost entirely potassium feldspar,
except in samples from Neall Massif where plagioclase is com-
mon, but not dominant. Potassium feldspar grains are micro-
dine and orthoclase in approximately equal amounts. The

source terrain, which was probably the local basement rocks,
was dominated by acidic crystalline rocks, but included low-
grade metasedimentary rocks.

Eighteen samples of Triassic sandstones along the margin of
the polar plateau range from subfeldsarenite to volcanic feld-
sarenite in composition. Detrital constituents include quartz,
feldspar, biotite, muscovite, heavy minerals, and crystalline,
volcanic, and metasedimentary lithic fragments. Quartz is
dominated by unstrained to slightly undulose grains. Grains
are subangular to subrounded, clear (rarely contain inclusions),
and are commonly embayed. Syntaxial overgrowths are rare.
Feldspar constitutes 10-25 percent of samples and both pla-
gioclase (andesine) and potassium feldspar occur in equal
amounts. Lithic fragments are dominated by felsic volcanic
clasts. Other volcanic grains include fragments with euhedral
plagioclase microlites that are either randomly oriented or ex-
hibit pilotaxitic texture, minor mafic fragments that consist of
plagioclase microlites in a hematitic groundmass, and
tuffaceous fragments that contain altered shards. Zeolite, prob-
ably laumontite, occurs as cement.

A sample from the top of a 18-meter-thick section at Roberts
Butte is a crystal tuff. It contains approximately 50 percent
crystals of anhedral quartz, which in some cases are embayed,
anhedral to subhedral plagioclase (andesine), subhedral
orthoclase, microcline, and less common sanidine, and biotite.
Volcanic rock fragments are common. The groundmass consists
of quartz and feldspars with abundant shards, which appear to
be welded in places, and abundant glass.

Detrital modes of Triassic sandstones suggest a source terrain
dominated by acidic to intermediate volcanic rocks. These rocks
are similar to volcaniclastic rocks of Triassic age that occur along
the Transantarctic Mountains from the Nielsen Plateau to north-
ern Victoria Land (Elliot 1975).

This work was supported in part by National Science Founda-
tion grant DPP 80-20098.
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Fossil plants from the Beardmore
Glacier area
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With the exception of isolated pieces of silicified wood, by far
most of the fossil plants from Antarctica are preserved as im-
pressions in which cellular details are lacking. The discovery of
silicified plant remains of Permian and Triassic age from the
Beardmore Glacier area has provided a unique opportunity to
examine the detailed cellular structure of these floral compo-
nents. The silicified plants from these sites are especially impor-
tant because they represent one of the very few deposits of this
age in the world where it is possible to investigate detailed
anatomical features of plants. Moreover, the Beardmore plants
provide an important stratigraphic link with the late Car-
boniferous floras which are also preserved as cellular per-
mineralizations. A multifaceted research program directed at
the antarctic floras is currently in progress and involves inves-
tigations of several different types. Three of these are discussed
briefly below.

Paleobotanists have long speculated on the origin of modern
cycads, with the medullosan pteridosperms suggested as the
probable ancestors. One component of this research is con-
cerned with cycadophyte stems (Taylor, Smoot, and Delevoryas
1983) of Triassic age that are anatomically similar to the stems of
modern members of the Cycadales (e.g., Zamia, Bowenia). The
stems measure approximately 5.0 centimeters in diameter and
include well preserved petioles. The vascular system consists of
endarch primary bundles that are associated with radial files of
secondary tracheids possessing scalariform pits. A well pre-
served vascular cambium and some secondary phloem is also
present. Although paleobotanists have long speculated that
modern cycads are related to the late Paleozoic medullosan
pteridosperms, this assumption has been generally based on
vegetative remains, and some common anatomical features of
medullosan stems (Worsdell 1901). The discovery of cycad
stems in the Triassic of Antarctica provides detailed histological
information to indicate that the anatomical features of the stems
are nearly identical with those of extant representatives of the
order.

Another focus of this paleobotanical program concerns the
Permian foliage types Glossopteris and Gangamopteris. The spatu-
late leaves of these two genera have been the subject of numer-
ous contributions that have emphasized taxonomic details. To
date, paleobotanists have had little success in distinguishing
these two taxa using characters that have been consistently
reliable over wide geographic regions. In addition, there have
been few attempts to distinguish ontogenetic features from
those that are phylogenetic.

The discovery of anatomically preserved leaves of these two
genera on rock surfaces provides an opportunity to correlate the
morphology and histology of the leaves. This will enable re-
searchers to relate the structurally preserved specimens with
the more abundant, and widely occurring, impression-com-
pression specimens. Preliminary investigations of these leaves
indicate that the so-called midrib in Glossopteris is constructed of
up to five closely spaced, parallel veins, each surrounded by a
bundle sheath. This feature has been widely used to distinguish
the two taxa, but may be of little taxonomic importance.

A third component of the research is directed at structurally
preserved fungi that are common in certain plant tissue sys-
tems. In living plants it is estimated that more than 90 percent of
all vascular plants are associated with certain mycorrhizal fungi.
Endomycorrhizal fungi that are morphologically identical to the
extant taxon Glomus have been described in the underground
organs of a variety of Carboniferous plants (Wagner and Taylor
1982). The presence of similar structurally preserved fungi in
the antarctic material not only extends the stratigraphic range of
these fungi from the Devonian into the Triassic but also
provides the opportunity to correlate the host-fungus rela-
tionship through an extended segment of geologic time.

The Beardmore specimens allow for an investigation of the
anatomy of several groups of major plants that are currently
very poorly understood and for which there is almost no infor-
mation about cellular detail. The diversity of the flora from
these sites is exceptional, and information about the fossils will
contribute not only to details about the biology of the organisms
but will also provide a much needed framework with which
important evolutionary questions can now be considered.

This research was supported by National Science Foundation
grant DPP 82-13749.
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Lithium-bearing pegmatite and
bismuth-antimony-lead-copper-bearing

veinlets on Mount Madison, Byrd
Glacier area
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During the 1978-1979 field season, we discovered a small
body of igneous rocks classified as a pegmatite on a ridge
extending northward from Mount Madison, located at 80°27'S
latitude and 160°02'E longitude at the mouth of the Byrd Glacier.
The pegmatite contains significant concentrations of the
lithium-bearing silicate minerals spodumene (lithium-pyrox-
ene) and lepidolite (lithium-mica). In addition, bismuthinite
(Bi2 S3) and other metal sulfide minerals occur in veinlets, up to
5 centimeters wide, that extend from the pegmatite into the
marble of the Shackleton Formation of Cambrian age.

The pegmatite occurs at the crest of Felder Ridge (name pro-
posed to the U.S. Board of Geographical Names) that separates
two of the three cirques along the north face of Mount Madison
shown in the figure. It intrudes marbles and biotite schists of
the Shackleton Formation described by Grindley and Laird
(1969). The pegmatite is a roughly tabular body exposed by
weathering and erosion of the marble into which it was intrud-
ed. Its dimensions are approximately 60 x 90 x 5 meters giving
it a volume of about 27,000 cubic meters. An additional body of
pegmatite was seen in the headwall of cirque 1 identified in the
figure. The marble of the Shackleton Formation is coarse

Location of lithium-bearing pegmatite on Felder Ridge of Mount
Madison along the Byrd Glacier, Antarctica.

grained and bleached along the contact with the pegmatite.
Elsewhere along Felder Ridge, we encountered skarn rocks
composed of plagioclase, actinolite, sphene, calcite, magnetite,
pyrite, and other opaque minerals.

The pegmatite contains spodumene crystals up to 10 cen-
timeters long together with smaller crystals of quartz, albite, K-
feldspar, muscovite, lepidolite, and green tourmaline. Two
hand specimens containing lepidolite (sample lithium-1) and
spodumene (sample lithium-2) have high lithium oxide con-
centrations of 1.38 percent and 2.35 percent, respectively.

Sample lithium-2 was analyzed for dating by the rubidium-
strontium method with the following results: (1) rubidium =
1,444.7 ± 12.1 parts per million, (2) strontium = 15.55 ± 0.15
parts per million, and (3) strontium-87/strontium-86 = 3.009 ±
0.005. From these results, we calculate a date of 490 ± 9 million
years, assuming that the initial strontium-87/strontium-86 ratio
is 0.7100 and the decay constant of rubidium-87 is 1.42 x 10_11
per year. The date for the time of crystallization of the pegmatite
is within the Early Ordovician period and is compatible with
rubidium-strontium dates of Granite Harbor Intrusives of
southern Victoria Land (Faure, Jones, and Owen 1974; Felder
1980). The limestone at the northern end of Felder Ridge con-
tains brown tourmaline, phlogopite, tremolite, albite,
chondrodite, and quartz. The presence of these minerals indi-
cates that the limestone has been hydrothermally altered and
metamorphosed, presumably during the magmatic activity as-
sociated with the Ross Orogeny in Cambro-Ordovician time.
The strontium-87/strontium-86 ratio of the calcite in the lime-
stone is 0.70996 ± 0.00031 and its strontium concentration is
179.3 parts per million.

Several veinlets composed of quartz, bismuthinite, and other
sulfide minerals extend from the pegmatite on Felder Ridge into
the marble for a distance of up to 5 meters. A semi-quantitative
spectrographic analysis of a concentrate of sulfide minerals in
the table indicates that bismuth is the major element present
with lesser concentrations of antimony, lead, and copper.

Concentrations of metals in samples from a pegmatite and
associate veinlets on Mount Madison, Byrd Glacier area

Metal	 Li- 1 b	Li2b	Bi1c

Li20	 1.38 d 	2.35	-

Bismuth	 _e	-	major
Antimony	 -	-	0.5-5
Lead	 -	-	0.3-3
Copper	 -	-	0.3-3
Chromium	 -	-	0.03-0.3
Iron	 -	-	0.03-0.3
Silver	 -	-	0.0008-0.008

a Other elements present: silicon, calcium, vanadium, manganese, bor-
on, and tin. Elements below the limit of detection: sodium, potassium,
niobium, tantalum, tungsten, zirconium, molybdenum, titanium, cad-
mium, barium, lithium, strontium, zinc, beryllium, nickel, and cobalt.

b Lithium-1 and lithium-2 are specimens of pegmatite analyzed in bulk.
Bismuth-1 is a concentrate of sulfide minerals recovered from a veinlet.
The lithium determinations are based on wet-chemical quantitative
methods. The analysis of bismuth-1 was made by semiquantitative
optical spectrographic methods. (Analyst: McCreath and Son, Harris-
burg, Pennsylvania).
Weight percent.

a "" means 'not determined."
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The presence of the lithium-bearing pegmatite and the
bismuth-bearing veinlets on Mount Madison may be a clue that
the valley of the Byrd Glacier occupies a zone of altered rocks
formed by the intrusion of granitic magma into the carbonate
rocks of the Shackleton Formation. Similar geological condi-
tions elsewhere in the world are known to have resulted in
important hydrothermal replacement deposits containing mag-
netite and sulfides of copper, lead, zinc, and other metals. The
abundance of magnetite in the skarn rocks on Mount Madison
suggests that detailed magnetic surveys may be useful in future
evaluations of the area. In addition, sediment deposited by the
ice of the Byrd Glacier under the Ross Ice Shelf may contain
evidence of the presence of sulfide and oxide minerals that may
occur in the rocks below the ice in the valley of the Byrd Giacier.

Karen S. Taylor assisted with the analytical work. This project
was supported by National Science Foundation grants DPP

77-21505 and DPP 80-21401.
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Abrasion rate observations in Victoria
Valley, Antarctica: 340-day experiment

M. C. MALIN

Department of Geology
Arizona State University

Tempe, Arizona 85287

During the 1982-1983 season, a test facility was established
within the modest dune field east of Lake Vida in Victoria Valley,
to assess the maximum rate of abrasion and to test the experi-
ment hardware design (see Malin 1984). The results of analysis
of materials deployed for slightly less than 16 days at that site
were reported in Maim (1984). The remaining suite of samples
(and materials within the sand collectors) were retrieved on 17
December 1983 after 340 days of exposure. An additional 27-day
experiment of sand collection was performed between 17 De-
cember 1983 and 13 January 1984 to check the earlier 16-day
results.

Figure 1 shows the mass of sand trapped by the collectors, for
each height and direction, for both the 27-day and 340-day
experiments. Comparison with figure 2 in Malin (1984) shows
that the short-term experiments (16 and 27 days) were consis-
tent, yielding mass fluxes following inverse power law rela-
tionships (exponents of approximately -2.0 to -2.5). The mass
collected at each height was greater for the 27-day exposure by a
factor of about 50, even though the duration of the experiment
was only about twice as long. Thus, it appears that the interval
17 December to 13 January had either stronger or more per-
sistent winds than the interval 10 to 26 January of the preceed-
ing season.

The relationships between mass and height determined from
the sand collected over the 340-day exposure are significantly
different from those seen in the short-term collections. The
long-term experiment data display a distinctly nonpower law
shape; it is not fit by any simple function. Although this could
possibly be the actual form of the mass/height relationship, it is
more likely that it arises through the inability of the collectors to
sample the flux properly because of aerodynamic "back pres-

sure" and/or turbulence at the collector entrances, possible clog-
ging for periods of time, or other phenomena associated with
wind or sediment interaction with the collectors. Mass loss
from abrasion targets, discussed below, suggests higher fluxes
in the near-surface zone than were actually collected. In evaluat-
ing the abrasion environment, -2.0 and - 2.5 power-law func-
tions were fit to the masses collected at 35-, 70-, and 140-cen-
timeter heights. Estimates were then computed for mass flux at

SAND COLLECTED
ADV82- 1 -SIC-340d

ADV83-1-S/C-27d
-

I	 •	 I

-7'

N'
04H k

\ \	 I\	 '
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Figure 1. Sand collected as a function of height, at site 1 in the
Victoria Valley dune field. "Error" bars Indicate actual range In
height of collectors relative to ground surface, which varied owing
to sand migration during experiment. Solid lines (27-day experi-
ment) show power-law form similar to that seen in 1982-1983 data.
Dashed lines (340-day experiment), which show power-law form for
higher collectors, but fall off at lower heights, indicating that the
collectors were not able to sample the low-velocity portion of the
saltation zone properly. ("gm" denotes gram; "cm" denotes
centimeter.)
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Figure 2. Mass abraded from non-welded volcanic tuft (from Bishop,
California) during 340 days of exposure at the Victoria Valley dune
field. Mass loss as a function of height is similar to that first ob-
served by Sharp (1964) with the maximum abrasion occuring at a
height of 20-25 centimeters. Lower samples may have been buried
for part of the duration of the experiment. ( 11 gm/cm2" denotes grams
per square centimeter; "cm" denotes centimeter.)

lower heights, and abrasion rates were determined with these
calculated values. Comparison of the amount of abrasion thus
determined with actual amounts of abrasion for the upper two
or three samples (70, 35, and 21 centimeters) indicate that the
power-law assumption is probably valid.

Mass loss from rock targets of a given composition varied as a
function of height and azimuth, reflecting a complex interaction
of variables including the distribution of particles as a function
of size, height, and wind speed, direction, and cumulative
duration. Without simultaneous anemometry, it is not possible

to de-convolve the components of the flux; however, some
average values can be determined and are reported here.

Mass loss from basalt and sandstone targets averaged about
25 milligrams; non-welded tuff targets lost an average of about
290 milligrams (e.g., figure 2). These mass loss values are sig-
nificantly above the "noise" level determined by transporting
but not deploying identical samples (approximately 5 milli-
grams for basalt and sandstone, 10 milligrams for tuff).
Amounts of abrasion and sand collection are consistent with 20
percent of sand-moving winds coming from the north, 15 per-
cent from the east, 25 percent from the south, and 40 percent
from the west, for the 340-day period. Average mass loss, nor-
malized for area and time, was 2.2 x 10 grams per square
centimeter per day (basalt), 1.7 x 10 grams per square cen-
timeter per day (sandstone), and 1.4 x 10 grams per square
centimeter per day (tuff). Maximum rates were 2.8 x 10, 4.2
X 10, and 6.6 x 10 respectively. These average values are
from 2 to 7 times lower than those computed from last season's
16-day exposure, although the maximum rates are closer. The
average rates are equivalent to a daily abrasion of 0.1 microme-
ters for the basalt and sandstone and 1.5 micrometers for the
tuff, or about 30 and 500 micrometers per year, respectively.

As part of a long-term study of physical and chemical
weathering mechanisms in the ice-free valleys of south Victoria
Land, Antarctica, 10 test sites have been established in different
micrometeorological, topographic, and sedimentological en-
vironments within Victoria, Wright, and Taylor Valleys. An
eleventh site was emplaced approximately 8 kilometers west of
the Allan Hills, on "blue ice," to assess chemical and physical
processes that may have affected meteorites collected in the
area. The table gives the positions of the 11 sites.

Each site consists of racks of rock disks (0.5 centimeters thick
by 2.5 centimeters diameter) mounted on bolts, facing true
north, east, south, and west at nominal heights of 7, 14, 21, 35,
and 70 centimeters above the ground. Three materials are pres-
ent at each site: basalt, native dolerite, and non-welded volcanic
tuff. Sand collectors, arrayed in a similar manner and at the
additional height of 140 centimeters, are also part of each site in
the valleys. Five cubes, 7.5 centimeters on a side, cut from
native granite, and five cylinders (2.5 centimeters long by 2.5
centimeters diameter) of native dolerite, were also deployed at

Location of weathering and abrasion test sites southern Victoria Land, Antarctica

Site	 Latitude	 Longitude	 Altitude
(in meters)
	

Name

Victoria Valley Dunes

South of Lake Vida

Bull Pass

North of Lake Vida

Olympus Range, Lake Thomas Basin

Lower Wright Valley

Central Wright Valley

North Fork, Upper Wright Valley

Bonney Riegel, Taylor Valley

Asgard Range, Cirque 4 Upper Wright Valley

Approximately 8 kilometers east of Allan Hills on "blue
Ice,,

ADV83-1
	

77°22'39"S
	

1620 1 0'00"E
	

375

ADV83-2
	

77°23'58"S
	

161 051'11 "E
	

380

ADV83-3
	

77°26'34"S
	

161037'45"E
	

750

ADV83-4
	

77021'57"S
	

161058'36"E
	

750

ADV83-5
	

77°26'26"S
	

162004'48"E
	

1,075

ADV83-6
	

77°25'40"S
	

162042'11 "E
	

280

ADV83-7
	

77°30'46"S
	

162006'111 "E
	

250

ADV83-8
	

77032'1 8"S
	

161006'23"E
	

150

ADV83-9
	

77°43'20"S
	

162019'24"E
	

175

ADV83-1 0
	

77°36'46"S 160052'13"E
	

1,600

ADV83-1 1
	

76042'00"S 159024'30"E
	

2,000
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each site. The return of these materials, along with rock cores
drilled from outcrops and boulders, and their laboratory analy-
sis, constitute the principal activity of this project. Exposures
will range from 1 year to as much as 40 years.

These values are consistent with similar observations in Ice-
land in an area of high sand flux. There, abrasion results have
been successfully used to examine age relationships between
deposits of catastrophic floods (Malin and Eppler 1981-a, 1981-
b). As the results for the test sites in the ice-free valleys become
available, it should be possible to assess their usefulness in
dating glacial deposits.

M.C. Malin and D.B. Eppler conducted the field portion of
this study from 19 November 1983 to 24 January 1984, retrieving
materials deployed in 1982-1983 by M.C. Malin and S.
Williams. D. Michna ably performed the many sand and sample
measurements. We are especially indebted to the helicopter
pilots and crews of VXE-6, who provided considerable assis-

tance in site selection and experiment deployment. This re-
search is supported by National Science Foundation grant DPP
82-06391.
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Petrologic study of metasediments in
Taylor Valley, southern Victoria Land
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localities in the two study areas. Rock samples were first exam-
ined megascopically. Representative samples were then se-
lected and studied in thin-section by optical petrography and
cathodoluminescence.

Within the study areas the metasediments are composed of:
• Amphibolites—biotite-plagioclase-hornblende and biotite-

diopside-plagiociase-hornblende;
• Gneiss—biotite-quartz-microcline-plagioclase and biotite-di-

opside-hornblende-plagioclase;
• Schist—quartz-plagioclase-biotite;
• Granofels—quartz-microcline-plagioclase and diopside-

quartz-microcline-plagioclase;
• Diopside granofeis with layers of

• Diopside-scapolite-plagioclase granofels, and
• Schist—plagioclase-diopside-biotite or corundum-micro-

cline-piagioclase-biotite;

Metasedimentary rocks were sampled at several locations in
Taylor Valley during the 1980-1981 and 1981-1982 field seasons
as part of a study of orbicular rocks. Studies by Dahl and Palmer
(1981, 1982, and 1983) indicate a genetic relationship between
metasediments and orbicules. The purposes of this investiga-
tion are to describe the mineralogy of the metasediments and to
estimate their temperature of metamorphism. This information
will help put constraints on models of orbicule formation and
will add to the understanding of the basement rocks in the
Taylor Valley area.

Taylor Valley is located in the Transantarctic Mountains ap-
proximately 80 kilometers northwest of McMurdo Station. In
Taylor Valley metasedimentary rocks occur in northwest-strik-
ing belts which are bounded by the Olympus Granite-gneiss
and the Larsen Granodiorite and dip steeply to the east. The
metasedimentary rocks were originally described as part of the
Skelton Group (Haskell et al. 1965) but are now considered to be
part of the Koettlitz Group (Skinner 1982, 1983).

Metasedimentary rocks were studied in two areas: (1) near
the Taylor and Calkin glaciers and (2) approximately 14 kilo-
meters to the east at Nussbaum Riegel. Figure 1 shows sampling

Figure 1. Generalized map of part of Taylor Valley, showing sample
locations of rocks included in this study.

16	 ANTARCTIC JOURNAL



• Marble—tremolite-forsterite-phiogopite, tremolite-phiogo-
pite, phlogopite-forsterite-dolomite, and marble with local
concentrations of ilmenite, spine!, and phiogopite.
These mineral assemblages indicate upper amphibolite facies

metamorphism. Rocks of pelitic composition, which typically
contain more diagnostic assemblages, were not found in the
study area.

Mineral equilibria indicate that the presence of forsterite and
the absence of coexisting tremolite and dolomite can be used to
infer the occurrence of the following reaction:

	

dolomite + 11 tremolite	8 forsterite + 13 calcite
+ 9 carbon dioxide + water.

This reaction, experimentally calibrated by Metz (1976), is
shown in figure 2 as a series of lines at different mole fractions of
carbon dioxide.

Mineralogic evidence indicates that metamorphic conditions
proceeded to the high-temperature side of this reaction, with
tremolite and dolomite being consumed until one or both of
these reactants were depleted. Thus, the reaction suggests min-
imum peak metamorphic temperatures ranging from 575° ± 25°
C (at 2 kilobars of pressure) to 645° ± 25° C (at 4 kilobars of
pressure).
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Figure 2. Pressure/temperature diagram showing peak pressure/
temperature conditions (stippled area) attained during regional met-
amorphism in Taylor Valley. Superimposed univariant reaction
boundaries are experimental calibrations (Metz 1976) of the reac-
tion: tremolite + dolomite forsterite + calcite at differing mole
fractions of carbon dioxide (Xco). ("Kb" denotes kilobar, "°C" de-
notes degrees Celsius.)

The mineral assemblages found in the study areas do not
yield information about metamorphic pressure conditions. A
regional study by Lopatin (1972) suggests that metamorphic
pressures in the general area were on the order of 3-4 kilobars.
Lopatin places a lower limit on the metamorphic temperature
for the general area in the range of 630° C (at 2 kilobars of
pressure) to 690° C (at 4 kilobars of pressure) which is consistent
with the information from mineral equilibria.

The only geothermometric mineral-pairs available in the met-
asediments are calcite-dolomite and plagioclase-feldspar. Both
pairs recrystallize relatively easily and often record retrograde
temperatures. Compositions of coexisting plagioclase and mi-
crocline were determined by electron microprobe. Plagioclase
zoning, where evident, was found to be normal. Feldspar cores
were assumed to have equilibrated together and were analyzed.
These data were applied to the two feldspar geothermometer
formulated by Haselton et al. (1983). Resulting metamorphic
temperature estimates range from approximately 400° C to 700°
C. The lower estimates probably reflect temperatures of retro-
grade re-equilibration of the feldspars during cooling. The best
estimates of minimum peak temperature, plotted in figure 2,
range from 650° ± 50° C assuming 2-kilobar pressure, to 690° ±
50° C assuming 4-kilobar pressure. These results are in agree-
ment with the earlier estimates.

Field work was conducted during the period 1-19 January
1981, with the assistance of Donald Palmer and Gary Rogers
(Kent State University), JoAnne Danielson (University of Mas-
sachusetts), and Vladimir Samsonov (Research Institute of
Arctic Geology, Leningrad). We thank Rodney Feldmann and
Glenn Frank (Kent State University) for their field assistance
during the period 26 December 1981 to 15 January 1982. We also
thank VXE-6 helicopter crews for providing logistic support.

This research was supported by National Science Foundation
grant DPP 80-01743.
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Dry valley real-time telemetry
seismological project

N. A. ORsINI

U.S. Geological Survey
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Kirtland Air Force Base
Albuquerque, New Mexico 87115

During the 1983-1984 austral summer, a seismic noise survey
was conducted in upper Wright Valley to determine the suit-

ability of the area for the installation of a modern seismological
station. Levels of the short-period seismic background were
measured with portable seismometers and recorded digitally
on portable battery-powered digital recorders. The data were
processed in the field using a small computer system to obtain
on-site estimates of the background noise levels. Further pro-
cessing of the data in the laboratory has established that the
short-period background noise levels are comparable to known
quiet sites in other parts of the world. Therefore, upper Wright
Valley should be an ideal location for obtaining high quality
seismic data in the future.

Logistic support provided through National Science Founda-
tion grant DPP 83-12710.

Field and laboratory studies of
geologic case hardening

J. CONCA
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nor as they evolve during weathering we developed a method
to measure the hardness of the rock by determining its abrasion
resistance. The instrument is called an abrasion resistance hard-
ness tester (ARHT); a complete description will be given in a
forthcoming paper. Essentially, ARHT abrades the material by
means of a diamond coring bit turning slowly using a constant-
torque motor, under constant normal force (figure 2). The time
(t) required to abrade to a fixed depth, is measured and is
related to the abrasion hardness (H a) of the material by means of
this definition.

This 1983-1985 research project concerns the investigation of
the chemical and physical properties of geologic case hardening
and cavernous weathering in the antarctic dry valleys. The
1983-1984 activities involved (1) the design, construction, and
field operation of an instrument for measuring the abrasion
hardness of rock material and (2) sample collection and return
for laboratory investigations of the chemical and physical prop-
erties of weathered and unweathered materials.

The field group, consisting of Barclay Kamb (California In-
stitute of Technology), Peter Larson (Washington State Univer-
sity), and me, were in the field from December 6, 1983 to
January 16, 1984. We studied differential weathering in the
Labyrinth, Beacon Valley, Bull Pass, Taylor Valley, and Victoria
Valley.

Weathering varies overtime and from place to place. As a
result, outcrops can become case-hardened (the exterior hard-
ens) or core-softened (the interior softens) causing the common
morphology known as cavernous weathering (figure 1). It is
possible to determine the extent of the differential weathering
by determining the difference between the hardness of the
exterior surface and the hardness of the interior. To compare
these differences in physical properties of the interior and exte-

Ha =	x 10	
C = Ha (exterior)

Ha (interior)

where Ha = abrasion resistance hardness value
C = coefficient of relative hardening
F = drilling force, normal to surface (Newtons)
D = depth of drill penetration (meters)
t = drilling time (seconds)

For most rock materials, the abrasion resistance hardness
value is found to range from approximately 1 to 100. Values of
the coefficient of relative hardening greater than 1 indicate case
hardening or core softening.

The table gives some representative values of abrasion hard-
ness and the coefficient of relative hardening for weathered rock
material and, when possible, for unweathered material from the
study areas. For comparison, results from a tonalite in Baja,
California are included as well.

The data from the table demonstrate the differences between
case hardening and core softening in terms of absolute hard-
ness. For the Catavina tonalite and the Ferrar dolerite, even
though the hardness of the exterior has remained greater than
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Figure 1. Photograph of a core-softened erratic of the Vida granite from Taylor Valley exhibiting extensive cavernous weathering. The width of
the frame is 2 meters.

Abrasion resistance hardness tester field results

Abrasion resistance	Coefficient of
Sample and location	hardness value	relative hardening

Catavina tonalite,
Baja, California

Exterior	 1.7 ± 0.6
Interior	 0.7 ± 0.4	 2.3
Fresh tonalite	 41.4 ± 2.5

Ferrar dolerite,
Labyrinth, Antarctica

Exterior	 43.8 ± 8.3
Interior	 11.9 ± 2.1	 3.7
Fresh dolerite	 64.5 ± 9.7

Ferrar dolerite,
Victoria Valley, Antarctica

Exterior	 28.0 ± 2.4
Interior	 7.9 ± 0.5	 3.5
Fresh dolerite	 64.5 ± 9.7

Beacon sandstone,
Farnell Valley, Antarctica

Exterior	 7.3 ± 0.5
Interior	 2.9 ± 0.8	 2.5
Fresh sandstone	 6.0 ± 0.3

Vida granite,
Bull Pass, Antarctica

Exterior	 45.6 ± 3.1
Interior	 23.0 ± 3.5	 2.0

Vida granite,
Taylor Valley, Antarctica

Exterior	 25.3 ± 1.5
Interior	 18.4 ± 1.3	 1.4

Figure 2. (Left) Photograph of the abrasion resistance hardness
tester (ARHT) developed to measure the hardness of brittle materials.
The instrument stands 100 centimeters high and weighs 15
kilograms.
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that of the interior, the absolute hardness of both has decreased
with respect to the initial value, to an extreme degree in the
tonalite and only moderately in the dolerite. This variety of
differential weathering is best described as core softening. Most
of the differential weathering occurring in crystalline rocks is of
this type.

On the other hand, the Beacon sandstone exhibits case hard-
ening in the classical sense, (Conca and Rossman 1982), in
which the crystallization of a secondary cement (silica) at the
surface during weathering has increased the absolute hardness
of the exterior above the initial value, while the interior's hard-
ness has decreased. Most of the case hardening occurring in
clastic rocks, especially sandstone, is of this type.

Although abrasion hardness varies greatly among the dif-
ferent areas, the values of the coefficient of relative hardening

remain fairly low, with the dolerite at the high end and the
granitic rocks at the low end.

The hardness results and detailed chemical study of the re-
turned samples will be used to construct models for the onset
and development of differential and cavernous weathering in
and environments.

This work was supported by National Science Foundation
grant DPP 82-15121.
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Geological field investigations of
volcanic rocks at Mount Discovery
and Mason Spur, McMurdo Sound

A. C. WRIGHT, P. R. KYLE,
W. C. MCINTOSH, and I. KLICH

Department of Geoscience
New Mexico Institute of Mining and Technology

Socorro, New Mexico 87801

Between November 1983 and January 1984 we examined
McMurdo Volcanic Group rocks at Mason Spur and on the
northern slopes of Mount Discovery. The volcanic stratigraphy
was established and samples were collected for geochemical
analysis and potassium-argon (K-Ar) dating.

Mount Discovery (2,681 meters elevation) is a prominent
central volcano situated approximately 70 kilometers southwest
of McMurdo Station. Previous work has been limited to a few
geochemical analyses (Goldich et al. 1975; Kyle 1976; Stuckless
et al. 1981) and a K-Ar age determination of 5.44 ± 0.14 million
years on a sample from near the summit (Armstrong 1978). We
investigated an area on the north-northeast side of the moun-
tain extending from 1,700 meters elevation to the summit. The
summit dome is comprised of phonolite flows, and intercalated
lahars and tuff. This sequence is overlain by a thin welded
pyroclastic flow and loose pumice near the upper limit of out-
crop. Younger parasitic basanite cinder cones have been
erupted at all altitudes, including the highest outcrops near the
summit. Phonolite flows forming the dome are completely bur-
ied by innumerable basanite cinder cones and lava flows below
2,000 meters. However, the abundant presence of phonolite
inclusions in some of these basanite lavas suggests that the
phonolite sequence is more widespread at depth.

Mason Spur is located 25 kilometers southwest of Mount
Discovery. No previous investigations are known from this
area. Mason Spur comprises a 15-kilometer-long, 1,000-meter-
high, south-facing bluff which affords good exposures. A se-
quence of more than three peralkaline trachyte flows are inter-

calated with pyroclastic flows, airfall, and undifferentiated tuffs
and breccias. These deposits dip gently to the north. Intrusions
of peralkaline trachyte similar to the flows form stocks, dykes
and breccia dykes. These have caused widespread hydrother-
mal brecciation, and leaching and propylitic alteration, es-
pecially in the volcanoclastic rocks. Petrologically similar rocks
cropping out in the Lake Morning area, 20 kilometers to the
north, have K-Ar ages of 14.6 to 18.7 million years (Kyle and
Muncy in preparation).

The top of the peralkaline sequence is marked by an irregular
unconformity which extends the whole length of Mason Spur
and has over 600 meters of topographic relief. Weathering of the
underlying rocks, dyke truncation, and the pronounced to-
pography carved into massive lava flows suggests this uncon-
formity represents a significant time span. No evidence was
found to indicate a glacial origin for the unconformity.

The peralkaline rocks at Mason Spur appear to be the ero-
sional remnant of a major subvolcanic intrusive complex. Al-
though no radiometric age determinations have been made, the
field evidence suggests the area is at least Miocene and there-
fore represents one of the oldest known eruptive centers in the
McMurdo Volcanic Group.

Thick phonolite flows, in places intercalated with lahar de-
posits and thin airfall tuff beds, overlie the unconformity on the
older peralkaline rocks. A change to basanitic volcanism is
marked by a lapilli tuff without a significant time break. A
phonolite tuff ring at least 2.5 kilometers in diameter was
erupted shortly after the onset of basanite volcanism. Several
phonolite flows underlie a 1-kilometer-wide exogenuous dome
that marks the center for this uppermost phonolite sequence.

A basanite pillow lava, tuff ring, tuff cone deposit near the
base of the basanite sequence is evidence that water was pres-
ent, at least locally, at the onset of basanitic volcanism. Subse-
quently, subaerial basanite lava flows and cinder cones were
erupted from numerous overlapping centers located along the
present day outcrop, during a period of intermittent glacial
erosion. The most recent activity formed a line of small spatter
cones that are unglaciated and essentially unweathered. They
appear to represent some of the youngest basanite volcanism in
the McMurdo Volcanic Group.

This research was supported by National Science Foundation
grant DPP 82-18493.
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Seismic reflection profiling in
McMurdo Sound, 1983-1984

L. D. MCGINNIS and R. H. BOWEN

Department of Geology
Louisiana State University

Baton Rouge, Louisiana 70803

A second full season of reflection seismic profiling on the sea
ice of McMurdo Sound was completed in December 1983. Pro-
files shot during the 1983-1984 field season included one 12
kilometers long, which was perpendicular to a profile shot in

1982-1983, and another 24 kilometers long, which was shot 10
kilometers south. The 1983-1984 study was the first shot from
relatively thin sea ice onto 300-meter thick ice of the McMurdo
Ice Shelf. Location of the lines of reflection profiling are shown
in the figure.

Instrumentation and data acquisition parameters used dur-
ing the 1983-1984 season were the same as those used during
the previous field season except for two changes: (1) the shot
position for the south line was 3 kilometers west of the first
geophone group and (2) the shot size was doubled to 20 pounds
and placed at a depth of 30 meters.

Field personnel for the 1983-1984 season were Rick Bowen,
Yeadong Kim, Dean Mento, Doug Layman, Jon Isbell, Stuart
Wolf, Bryant Hinton, and Lyle McGinnis.

This project was supported by National Science Foundation
grant DPP 83-03476.

MLE, CARTO. SECT., LSU

Location map of seismic reflection traverses in McMurdo Sound ("km" denotes kilometer.)
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Composition and origin of olivine
xenocrysts in a basanite flow from Hut

Point Peninsula, Antarctica
I. S. LEUNG

Department of Geology and Geography
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Bronx, New York 10468

S. B. TREVES

Department of Geology
University of Nebraska

Lincoln, Nebraska 68588

The Dry Valley Drilling Project on Hut Point Peninsula, Ant-
arctica, penetrated and retrieved the core of a 43.77-meter thick
basanite flow from the second bore hole at a depth of 101
meters. Thirty-eight samples chosen at regular intervals of this
core were examined. This basalt contains olivine crystals dis-
persed abundantly throughout the flow. The 100 magnesium

(magnesium plus iron) ratio of olivine in the matrix varies less
than 2 percent from a mean composition of 70 percent forsterite
and 30 percent fayalite, whereas all other olivine crystals are
variably zoned, showing a whole range of composition from
Fo89 to 75 percent forsterite near the core, and from 70 to 80
percent forsterite at the rim. Most crystals also display strain
shadows and kink bands.

An olivine nodule associated with a deep red spinel and
minor amounts of phiogopite was traversed by an electron
microprobe which indicated a constant composition of Fo852 for
all the grains in the central portion of the nodule, but on each
side of this portion, olivine crystals become progressively more
iron-rich until the surrounding host basanite is reached where
all the grains have a unique composition of 74.6 percent for-
sterite. This seems to indicate that all olivine except the minute
crystals in the matrix are xenocrysts derived from a mechanical
disintegration and subsequent continued reaction in the mag-
ma of olivine nodules previously equilibrated in the Earth's
mantle. The presence of residual magnesium rich olivine
xenocrysts implies either a rapid ascent of magma to the sur-
face, or that they had been prevented from reacting with the
melt inside large xenoliths which disintegrated at a later stage
under higher temperature conditions shortly before or during
eruption.

Geophysical studies on Mount Erebus

T. NAGATA

National Institute of Polar Research
Itabashi, Tokyo, Japan

Three Japanese scientists visited McMurdo Station for the
International Mount Erebus Seismic Studies (IMESS) during the
1983-1984 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 three research
programs while staying at McMurdo Station from 11 November
1983 to 16 January 1984.

Seismic observations by the telemetry network. This is the main
program of the IMESS. The telemetry network with five seismic
stations has been established by the U.S. party on the summit
and the flank of Mount Erebus since 1980, and the Japanese
party has installed the recording system for the seismic network
at Scott Base (Takanami et al. 1983-a, 1983-b; Shibuya et al. 1983).
The Japanese party played back seismic magnetic tapes to make
seismograms to be distributed to the U.S. and New Zealand
participants during their stay at McMurdo.

Figure 1 shows the daily number of volcanic earthquakes
occurring in and around Mount Erebus, counted at Abbott Peak
station, and the plume activity observed at Scott Base from 2
October 1983 to 2 January 1984. The plume activity was classi-
fied by sight into the following three stages as illustrated in the
right side of the upper part of figure 1; (1) no plume was
observed, (2) plume was observed only around the summit, and

(3) huge plume was observed. The columns and the hatched
columns in the figure indicate the daily number of earthquakes
of which maximum amplitudes are larger than 2 millimeters
and 20 millimeters, respectively, on the played-back seis-
mograms. The arrows at the top of columns show that the exact
number of events could not be counted because of high micro-
seismic activity. The mean number of earthquakes per day was
67, and the mean number of earthquakes with the maximum
amplitude larger than 20 millimeters was seven events. We also
looked for any new relationship between the seismic activity
and the plume activity during the period.

It seems that the seismic activity of both tectonic and volcanic
earthquakes in Ross Island during this period is of a steady state

Daily Number of Earthquakes
October 02,1983 - January 02, 1984

--no visibility

4
2 6	10 15 20	25 301	5	to 15 20 25 30	5	10	15 20 25	312
Oct.1983	 Nov.	 Dec.	 Jan. 1984

Figure 1. Daily number of earthquakes recorded at Abbott Peak and
plume activity observed at Amundsen-Scott Base from 2 October
1983 to 2 January 1984. ("mm" denotes millimeter.)
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as compared with the activities in the last few seasons (Tak-
anami etal. 1983-a, 1983-b; Shibuya etal. 1983; Ueki et al. 1984).

The Japanese members assisted the U.S. members in estab-
lishing two new seismic stations of the telemetry network in
January.

Observations by temporary seismic network. Eight temporary
seismic stations were established on the flank of Mount Erebus
for determining the earthquake locations with higher accuracy
from 19 November 1983 to 3 January 1984. The earthquake
locations were determined for a period from 19 November to 9
December only, because some seismic stations of the telemetry
network had trouble from 9 December 1983 until the seismic
station was removed 3 January 1984. Hypocenters of earth-

quakes are shown in figure 2. The upper right side of the figure
indicates the projection of hypocenters along the north-south
vertical plane and the lower left side is that along the east-west
vertical plane. The earthquakes located below the summit were
the events associated with eruptions.

The lower right side of figure 2 shows the epicenters of
earthquakes from 13 September 1982 to 29 January 1983. An
extreme earthquake swarm took place in the northwestern flank
of Mount Erebus on 8-9 October 1982 (Kaminuma, Ueki, and
Kienle in press; Ueki et al. 1984).

It is remarkable that about 1 year after the October earthquake
swarm in 1982, no earthquake was located in the earthquake
swarm area, as seen in the figure.

W E Lfl	o DEPTH	( km )
CD
 ci

SEP. la. 1982
0	5	10 km	 - JAN. 29, 1983

Figure 2. Epicenter locations of earthquakes and their vertical projection along the north-south and east-west profiles from 19 November to 9
December 1983. The right side of the lower part presents epicenter locations of earthquakes from 13 September 1982 to 29 January 1983. ("km"
denotes kilometer.)
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A seismograph was installed near Vanda Station in the Wright
Valley for a period from 19 December 1983 to 7 January 1984.
The purpose of this observation was to investigate local seis-
micity in the dry valleys region and to detect a level of
microseisms.

Gravity measurements. A gravity survey with the LaCoste-
Romberg gravimeter model G was carried out at 20 points in-
cluding eight temporary seismic stations. The elevation of the
gravity survey points was measured with a barometric al-
timeter. The elevation corrections for the air pressure change
during the survey were made using the barogram at Scott Base.
However, the accuracy of elevation at each point was estimated
to be approximately 10 meters.

Figure 3 shows simple Bouguer anomalies, with assumed
density of 2.67 milligrams per cubic meter. Simple Bouguer
anomalies range from -92.4 milligals to 15.7 milligals as shown
in the figure. The Japanese party has also carried out gravity
surveys in Ross Island during the austral summer in 1982-1983
(Kaminuma, Koyama, and Ueki 1984). Data reductions for the
gravity surveys in 1982-1983 and 1983-1984 are under way.

The IMESS has been supported by the National Science Foun-
dation (United States), Antarctic Division of Department of
Scientific and Industrial Research (New Zealand), and National
Institute of Polar Research (Japan). We are extremely grateful to
Andrew Harrall and Jermey Ireland (Scott Base wintering mem-
bers in 1982-1983 and 1983-1984, respectively) who maintained
our recording system. Philip Kyle of New Mexico Institute of
Mining and Technology has continued to render valuable ad-
vice and assistance in the field operation. Special thanks are due
to the VXE-6 helicopter crew for their patience while setting up
of the portable seismic stations and during the gravity surveys.
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Figure 3. Simple Bouguer anomalies. The density of the mountain
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Seismicity of Mount Erebus and
vicinity, 1983-1984

J. KIENLE

Geophysical Institute
University of Alaska
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K. KAMINUMA

National Institute of Polar Research
Tokyo 173, Japan

R. R. DIBBLE

Department of Geology
Victoria University of Wellington

Wellington, New Zealand

Mount Erebus (3,794 meters) is one of six volcanoes of the
Erebus volcanic province near the southern end of the Transan -
tarctic Mountain Range (Kyle and Cole 1974). All of these vol-
canoes are young, undissected cones but only Erebus is pres-
ently active. It is located on Ross Island at 77°32'S 167°09'E. A
unique anorthoclase phonolite magma lake occupies an inner
pit crater (220-meter diameter, 95-meter depth) within the 550-
meter diameter, 120-meter deep main crater. The magma lake is
convecting and has been under yearly surveillance since it was
first discovered on 6 January 1973 (Giggenbach, Kyle, and Lyon
1973). The lake gradually increased in size from January 1973 to
December 1976 and then stayed fairly constant (about 1,500
square meters) to the present (Kyle et al. 1982; Dibble et al. in
press). Strombolian eruptions of anorthoclase phonolite lava

occur several times per day from an explosive vent on a bench in
the southeastern half of the inner pit crater.

To learn more about the internal configuration of the Erebus
magma system, a program called the International Mount
Erebus Seismic Study was begun in December 1980 to monitor
the seismicity associated with active volcanism at Mount
Erebus. The project involves scientists from the United States,
New Zealand, and Japan and is now in its fourth year of operat-
ing a high-gain seismic network on the volcano. An original tri -
partite array of vertical, short-period seismic stations was in-
stalled on Mount Erebus in December 1980 with radio-teleme-
try to Scott Base. This net was expanded by two stations in
1981-1982, and by an additional four stations this past season
(1983-1984). Figure 1 shows the distribution of the seismic sta-
tions—all data are centrally recorded on magnetic tape and
some on paper at Scott Base—and gives the technical layout of
the present system. At various times, the Erebus summit sta-
tion has also been used to transmit acoustic and electric induc-
tion data to monitor explosive gas discharge from the magma
lake.

Station maintenance and installation and data playback from
magnetic tapes at McMurdo during December 1983 and January
1984 involved: from Japan Katsutada Kaminuma, Sadato Ueki
(Tohoku University) and Eturou Koyama (the University of
Tokyo); from New Zealand Jeremy Ireland (Antarctic Division,
Department of Scientific and Industrial Research) and Bradley J.
Scott (New Zealand Geological Survey); and from the United
States Juergen Kienle, Dianne L. Marshall, and Bruce McKib-
ben, all from the University of Alaska.

The Mount Erebus seismic network has allowed us to
monitor the space-time behavior of microearthquakes associ-
ated with the Erebus magma system for the past 4 years. For
earthquake hypocenter location, we adopted a computer pro-
gram developed by the U.S. Geological Survey (Hypoellipse).
The program uses a horizontally layered velocity structure
which we defined from the seismic refraction work of Wilson et
al. (1981) in McMurdo Sound. Figure 2A is a map of 403 best
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Figure 1. (Left) 1983-1984 configuration of the radio-telemetered Ross Island high gain seismic network. (Right) Technical layout of the
1983-1984 Ross Island seismic network. ("m" denotes meter; "Hz" denotes hertz; "MHz" denotes megahertz.)
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Figure 2. Epicenter maps of Ross Island seismicity covering the time
period December 1980 to February 1984. A. 403 best located events
selected from a file of 800 located events. B. Selection criteria: Root
mean square travel time residual less than or equal to 0.5 seconds,
and horizontal and vertical location errors less than or equal to 10
kilometers.

located epicenters, selected from a file of 800 earthquakes which
occurred between December 1980 and February 1984. Figure 2B
shows the locations of all 800 events. The best events (figure 2A)
have root mean square travel time residuals of less than or equal
to 0.5 seconds and horizontal and vertical location errors of less
than or equal to 10 kilometers.

Most epicenters plot on the Erebus stratocone with strong
concentrations of events near the magma lake. A notable excep-
tion is the cluster of events that plots some 15 kilometers north-
east of the summit crater. These events represent a very short-
lived intense earthquake swarm which occurred in the vicinity
of Abbott Peak on 8 and 9 October 1982. On 8 October, more
than 600 earthquakes were recorded within 12 hours. The epi-
central region of this swarm lies near an area that was hydro-
thermally active in 1908 (Shackelton 1909). We have speculated
that the October 1982 swarm was associated with deep magma
movement and dike injection because significant harmonic
tremor accompanied the event (Kienle et al., 1983; Kaminuma,
Ueki, and Kienle in press). Figure 3 is a hypocentral cross
section of the high quality data set shown in Figure 2A, proj-
ected onto an east-west plane passing through Mount Erebus.
The hypocenters outline a well defined, nearly vertical feeder
system beneath the summit magma lake that extends to a depth
of about 15 kilometers. Microearthquakes cluster tightly in the
uppermost 3 kilometers of the feeder system. Many of the
shallowest of these events are positively correlated with acous-
tic signals from explosions in the summit crater (type 1 events of
Shibuya et al. 1983). Dibble et al. (in press) distinguishes two
kinds of infrasonic events: (1) low-frequency events (0.5-3
hertz) that are probably correlated with large bursting bubbles
in the lava lake, and (2) high-frequency infrasonic events that
are clearly associated with eruptions . from the active vent. Both
types of explosions produce explosion earthquakes. The
October 1982 earthquake swarm occurred at a depth of about 12
to 15 kilometers.

Figure 3. East-west hypocentral cross section through the summit
crater of Mount Erebus using the selected data set shown in figure
2A. ("km" denotes kilometer.)

In summary, the increased station coverage achieved during
the past field season has greatly improved our ability to monitor
the Erebus magmatic system and to locate hypocenters with
much higher precision than previously possible. However, we
still need to define more clearly the velocity structure of Mount
Erebus, a structure which strongly affects the determination of
hypocentral depths. The next step in our study will be to try to
determine the velocity structure of the volcano using artificial
explosions and teleseismic inversion techniques.

This research was supported by National Science Foundation
grant DPP 83-00185. We are very much indebted to Andrew
Harral and Jeremy Ireland of Scott Base for maintaining the
recording system through the winter months. Special thanks
go to Dianne Marshall and Bruce McKibben of the University of
Alaska, who installed and serviced the stations; to Charlotte
Rowe, University of Alaska, who helped with data analysis and
did the computer plots; to Sadato Ueki (Tohoku University,
Japan) and Eturou Koyama (the University of Tokyo, Japan)
who helped solve technical problems at McMurdo and played
back earthquake data from magnetic tapes; to Brad Scott of the
New Zealand Geological Survey, who helped with the repair of
the Erebus summit station; and of course to the VHE-6 heli-
copter crew who provided expert logistic support.
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Crustal inclusions from the Erebus
Volcanic Province

J. H. BERG

Department of Geology
Northern Illinois University

DeKalb, Illinois 60115

Inclusions of crustal rocks were collected during November
and December 1983 from several Cenozoic volcanic centers in
the McMurdo Sound region. The principal sites were Hut Point
Peninsula (77°49'S 166°45'E), Cape Barne (77°34'S 166°19'E),
Cape Crozier (77°27'S 169°13'E), Minna Bluff (77°43'S 165°46'E),
Dailey Islands (77°53'S 165°16'E), Taylor Valley (77°46'S
162°06'E), Brandau Vent (78°13'S 163°20'E), Roaring Valley
(78°16'S 163°06'E), and Foster Crater (78°24'S 162°67'E).

Throughout the region, the most common type of crustal
inclusion is a basic gneiss or granulite. This rock type consists
dominantly of calcic plagioclase and clinopyroxene, but any of
the following additional minerals may be present: olivine,
orthopyroxene, scapolite, spinel, calcium-amphibole, iron-
titanium oxide, and apatite. Somewhat more fractionated or
"evolved" two-pyroxene gneisses and granulites are relatively
common. Plagioclase is locally antiperthitic in these rocks; apa-
tite is common, but olivine is rare.

Quartzo-feldspathic orthogneisses and quartzites are com-
mon, but not nearly as abundant as the basic gneisses. Inclu-
sions of sillimanite-biotite gneiss have been found at Foster
Crater, but pelitic inclusions in general are notably rare. Caic-
silicate gneisses and granulites are abundant at Foster Crater
and consist of clinopyroxene and plagioclase, scapolite, bril-
liant green apatite, sphene, or quartz.

Although relatively numerous inclusions of partially fused
quartzite or quartz-rich metasediment have been collected, no
samples of Beacon Supergroup sedimentary rocks have un-
equivocally identified. It is likely, however, that further study of

these inclusions will indicate that at least some of them are
derived from the Beacon Supergroup. Of particular parallel
significance is the apparent discovery of an inclusion of Ferrar
dolerite. This inclusion, collected from the easternmost of the
Dailey Islands, consists of hypersthene, augite, and plagioclase
with an ophitic or subophitic texture. If this preliminary identi-
fication holds up, this would be the first direct evidence that
Ferrar lithologies underlie McMurdo Sound.

All samples of basic granulites collected from sites in the Ross
Embayment, i.e., east of the Transantarctic Mountains, appear
to be within the stability field of olivine plus plagioclase.
However, in some of the granulites from the Transantarctic
Mountains (Foster Crater, in particular) plagioclase and olivine
coexist only as part of reaction coronas between clinopyroxene,
orthopyroxene, and spine!. These coronas probably formed
during the heating and decompression which resulted from the
Cenozoic eruptions. Prior to corona formation, plagioclase co-
existed with the other three minerals, but olivine did not. This
evidence suggests that some of the granulites from under the
Transantarctic Mountains originated at higher pressure than the
granulites from under the Ross Embayment. This is consistent
with geophysical evidence which suggests that crustal thick-
ness under the Ross Embayment is only about 25 kilometers as
compared to about 40 kilometers under the Transantarctic
Mountains (Smithson 1972; Bentley 1973; McGinnis 1982).

This research was supported by National Science Foundation
grant DPP 82-13943. John Gamble, Robert Hank, and Donald
Herz assisted in the fieldwork.
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Classification and age of terrestrial
boulders in the Elephant and Reckling

Moraines

C. FAURE, M. L. KALLSTROM,
and T. M. MENSING

Department of Geology and Mineralogy
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The Elephant Moraine consists of boulders of different kinds
of rock that are lying on the surface of the east antarctic ice sheet
about 80 kilometers north of the Allan Hills and 70 kilometers
west of Reckling Peak (figure 1). The moraine starts from a
roughly circular area about 2 kilometers in diameter and ex-
tends in a northerly direction for about 10 kilometers. The
existence of the Elephant Moraine at this location is puzzling
because there are no rock outcrops in this area. In the vicinity of
the Allan Hills, the ice is actually flowing toward the Transan -
tarctic Mountains which makes it very unlikely that the moraine
originated from the exposed peaks of this range (Annexstad and
Schultz 1983). The Reckling Moraine is located about 10 kilo-
meters west of Reckling Peak at about 76°16'S 159°15'E.

Figure 1. Location of Elephant Moraine and other meteorite collect-
ing sites near the Allan Hills, the Pecora Escarpment, and the
Yamato Mountains.
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Figure 2. Rubidium-strontium isochron for mineral separates and a
whole-rock sample of a quartz-monzonite clast from Reckling Mor-
aine. The date is based on a decay constant of rubldium-87 of 1.42 x
10 11 y-'. ("87SrI00Sr" denotes the ratio of strontium-87 to stron-
tium-86; 1187Rb/00Sr" denotes the ratio of rubldlum-87 to
strontium-86.)

The Elephant Moraine achieved notoriety when William A.
Cassidy and his colleagues collected several meteorites in its
immediate vicinity including at least one shergottite called Ele-
phant Moraine 79001 (Cassidy 1979). This meteorite crystallized
only 1.3 billion years ago and contains trapped gases composed
of neon, argon, krypton, and xenon in proportions similar to
those of the atmosphere of Mars (Kerr 1983). According to a
theory by Whillans and Cassidy (1983), the meteorites are con-
centrated in areas of blue ice by the upwelling and sublimation
of the east antarctic ice sheet where it is trapped by the Transan-
tarctic Mountains.

The Elephant and Reckling Moraines provide an opportunity
to study the geology of the western flank of the Transantarctic
Mountains based on systematic distributions of different types
of rock. We have analyzed a small suite of terrestrial rocks from
these moraines in preparation of a 2-year field project beginning
during the summer of 1984-1985.

A boulder of coarse-grained quartz monzonite from the Reck-
ling Moraine is composed of perthitic potassium feldspar, pla-
gioclase (oligoclase), quartz, and biotite with inclusions of zir-
con and apatite. Concentrates of potassium feldspar and
plagioclase were analyzed for dating by the rubidium-strontium
method and yield a date of 496.2 ± 4.6 million years (figure 2)
that is similar to the age of the Granite Harbor Intrusives in
southern Victoria Land. (Faure and Jones 1974; Stuckless and
Ericksen 1975).

Two dolerite boulders from Elephant Moraine are composed
of Plagioclase (labradorite), clinopyroxene (pigeonite and
augite) with minor amounts of magnetite. The rubidium and
strontium concentrations of the two dolerites are very similar
and average 31.0 and 119.6 parts per million, respectively. Their
average strontium-87/strontium-86 ratio at the time of crys-
tallization 175 million years ago was 0.7099 ± 0.0001. The miner-
alogical composition of these rocks and their high initial stron-
tium-87/strontium-86 ratios are similar to those of the Ferrar
Dolerite in the Transantarctic Mountains (Faure, Pace, and Elliot
1982; Kyle, Pankhurst, and Bowman 1983).

One of the dolerite boulders has striated facets that are typ-
ically developed by abrasion at the base of moving ice. Evi-
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dently, this clast was once at the base of the east antarctic ice
sheet which may be more than 3 kilometers thick, according to
the ice-flow model of Whillans and Cassidy (1983), although an
extrapolation of the radar soundings of Drewry (1982) indicates
that the ice in the Allan Hills area is rarely more than 1.5
kilometers thick. Nevertheless, the striated dolerite boulder
and others in the Elephant Moraine have apparently emerged
on the surface of the ice sheet after they were transported at its
base.

Two boulders of sedimentary rocks consist of laminated fine-
grained but poorly sorted sandstone and very fine-grained
banded chert. The sandstone is composed primarily of sub-
angular quartz grains and clay with 1 to 2 percent opaque
minerals. The chert sample is bluish in color but contains frag-
ments of white quartz. Both specimens may have originated
from the sedimentary rocks of the Beacon Supergroup (Whitby,
Rose, and McElroy, 1983).

These preliminary results suggest that the western flank of
the Transantarctic Mountains, currently buried under the east
antarctic ice sheet, includes exposures of the Granite Harbor
Intrusives, the Beacon Supergroup, and sills or dikes of the
Ferrar Dolerite.

The samples were made available to us by W. A. Cassidy and
L. A. Rancitelli. This research was supported by National Sci-
ence Foundation grant DPP 82-13511.
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Geology and geological history of the
Bowers Supergroup, northern Victoria

Land

A. WoDzIcKl and R. ROBERT, JR.

Department of Geology
Western Washington University
Bellingham, Washington 98225

The Bowers Supergroup, which is bounded by the Wilson
and Robertson Bay Groups, lies near the coast of Antarctica
facing Australasia, an important position for the hypothetical
pre-Cretaceous reconstruction of Gondwanaland. The Super-
group has most recently been described by Laird, Bradshaw,
and Wodzicki (1976), Tessensohn et al. (1981), Jordan (1981),
Adams et al. (1982), Bradshaw, Laird, and Wodzicki (1982),
Laird, Bradshaw, and Wodzicki (1982), Wodzicki, Bradshaw,
and Laird (1982), Laird and Bradshaw (1983), and Weaver,
Bradshaw, and Laird (1984), and most workers subdivide it into
the Sledgers, Mariner, and Leap Year Groups. In the present
report, results of detailed field and petrologic studies of
Glasgow Volcanics and Molar Formation (Sledgers Group) and
of the Carryer Conglomerate (Leap Year Group) in the Alt,
Carryer, and Sledgers Glaciers regions, are combined to inter-

pret the stratigraphy, structure, and petrogenesis of the Bowers
Supergroup in terms of its geologic history and plate tectonic
environment of deposition. The important features of the
geology of the study area are shown in the figure.

The Sledgers Group is at least 4.5 kilometers thick with its
base not exposed. The lower member of the Glasgow Volcanics
crops out at the deepest level of exposure in the Solidarity
Range where at least 400 meters of tholeiitic submarine pillow
basalts and dikes are exposed. Chromium, yttrium, zirconium,
titanium, and vanadium concentrations plotted on discrimina-
tion diagrams of Pearce (1982) and Shervais (1982) suggest that
these rocks were erupted in a back-arc spreading environment.
The upper member of the Glasgow Volcanics is up to 2.8 kilo-
meters thick and crops out most extensively on the eastern and
western margins of the study area. It consists of subaerial and
submarine volcanics, minor intrusives, and submarine debris
flows; varies in composition from basaltic andesite to rhyolite;
and is generally calc/alkaline in character. Trace element con-
centrations plotted on discrimination diagrams of Pearce (1982)
and Shervais (1982) indicate that these rocks were erupted along
a magmatic arc, possibly outlined by a zone of small intrusive
bodies lying slightly oblique to the main structural trends.

The Molar Formation is up to 2.7 kilometers thick and lies
between the lower and upper members of the Glasgow Vol-
canics and interfingers laterally with the upper member. Along
the east edge of the arc, the Molar consists of shelf sediments
with finely laminated siltstone and mudstone with minor lime-
stone lenses, massive sandstones, ripple-marked sandstones,
graded beds, and debris flows containing blocks of limestone,

1984 REVIEW	 29



Important geological features of the Bowers Supergroup. ("Km"
denotes kilometer; "Seds." denotes sediments; "GI." denotes
glacier.)

sandstone, mudstone, mafic to felsic volcanics, and granitic
intrusives. To the west of the arc, slope sediments dominated by
a turbidite sequence are present. Sandstone compositions plot-
ted on discrimination diagrams of Dickinson and Suczek (1979)
indicate a mixed magmatic arc/continental block provenance for
the Molar. Flute casts and assymetric syndepositional folds
indicate paleoslopes to the west and southwest and suggest that
the granitic continental source lay to the east or northeast.

The Carryer Conglomerate lies along the western margin of
the study area where it unconformably overlies the Sledgers
Group. It is at least 1.5 kilometers thick with the top not ex-
posed. The Carryer is a polymictic conglomerate with interbed -
ded sandstone. Pebbles are derived from the underlying
Sledgers Group, and a metamorphic and two-mica granite ter-
rain similar to the Wilson Group. Sandstone compositions plot-
ted on discrimination diagrams of Dickinson and Suczek (1979)
confirm a continental block and recycled orogen provenance for
the Carryer.

The Bowers Supergroup has undergone two periods of fold-
ing. F 1 folds trend N30°W. F 1 folds were accompanied by the
development of a steep axial plane cleavage in incompetent
sediments and by conjugate shears that dip 30° in competent
volcanics. Syndeformational metamorphism was within the
prehnite-pumpellyite facies throughout the entire 6.5 kilometer
of section suggesting high pressure/temperature conditions
possibly associated with subduction. Chevron style F 2 folds
strike N70°E. Along the Carryer Glacier, F 1 axes consistently
plunge to the south-southeast suggesting that the glacier coin-
cides with the axis of an F2 monocline.

The Bowers Supergroup is in fault contact with the Robertson
Bay and Wilson Groups along the Leap Year Fault (Stump et al.

1983) and Lanterman Fault respectively. The Lanterman Fault
shows two distinct periods of motion; the first resulted in the
formation of up to 200 meters of blastomylonites which locally
have an ultramafic matrix and have been metamorphosed to the
greenschist facies; the second is characterized by a narrow zone
of clay-rich fault pug. Weaver et al. (1984) favor dextral motion
along the Leap Year Fault.

The geologic history of the study area is interpreted as
follows:

(1) There was on outpouring of Glasgow Volcanics tholeiitic
submarine basalts in a back-arc spreading environment. (2) The
Molar Formation quartzo-feldspathic and volcaniclastic sedi-
ments were deposited in a basin that deepens to the west. (3)
Coeval deposition of calc/alkaline Glasgow Volcanics related to
possible eastward subduction occurred. (4) Conformable depo-
sition of the fossiliferous Mariner Group—a shallow marine
regressive sequence—occurred. (5) There was a collision along
the western margin of the Sledgers Group between a continent-
al mass containing schists (Wilson Group) and S-type gra-
nitoids (Granite Harbor Intrusives). (6) There was an uplift and
erosion of the Sledgers and Mariner Groups followed by depo-
sition of the Leap Year Group. (7) Metamorphism occurred
under high pressure/temperature conditions, and F 1 folding of
the Bowers Supergroup occurred. (8) There was a north-north-
west/south-southeast compression resulting in F 2 folding and
possible uplift of the Wilson Group along the Lanterman Fault.
(9) Tectonic emplacement of the Robertson Bay Group along the
Leap Year Fault occurred.

This research was supported by National Science Foundation
grant DPP 80-20728.
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Did northern Victoria Land collide with
East Antarctica in the Cretaceous?

R. F. BURMESTER and
J. K. ANDERSON

Department of Geology
Western Washington University
Bellingham, Washington 98225

The disparate lithologies and tectonic histories across north-
ern-Victoria. Land have prompted speculation of major displace-
ment on faults between what are now recognized to be separate
terranes (Stump et al., 1983; Weaver, Bradshaw, and Laird 1984).
We report on results primarily from granite rocks of northern
Victoria Land (figure 1) that suggests a preposterous tectonic
model.

Six sites at three localities shown on figure 1 were sampled
using conventional methods adapted to subfreezing conditions
(Schmierer, Burmester, and Wodzicki 1982). Both alternating
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Figure 1. Generalized geologic map showing paleomagnetic lo-
calities at Lillie Marline (LM), Salamander Range (AP), Monte Cassino
(Mc) and Mesa Range (MA) with respect to the Bowers Supergroup.
Modified after Stump et al. (1983).

field and thermal demagnetization were employed for magnetic
cleaning. Reliability of individual samples was judged using
Briden and Arthur's (1982) method on single measurements,
consistency of directions through demagnetization, and sim-
ilarity of directions from multiple specimens. Coherence of
directions between samples and the stability of the directions to
demagnetization reflect the reliability of the data from a site.
Only two sites in the Salamander Range proved to have stable
magnetization judging by these criteria.

The results of these two acceptable sites, each divided into
two lithologic groups, are listed in the table and shown as
virtual geomagnetic poles (vGP's) in figure 2. Comparing these
data, figure 2 shows an apparent polar wander path (APwr') for
Gondwana (Thompson and Clark 1982) rotated to Antarctica
using Smith and Hallam's (1970) pole. Also plotted as MR (Mesa

Figure 2. Stereographic projection centered on the south pole show-
ing virtual geomagnetic poles from northern Victoria Land (3, 4, 5,
MA, table) as well as a paleomagnetic pole from other Ferrar Super-
group localities (J)tabulated in McIntosh et al. (1982) and Thompson
and Clark's (1982) APWP for Gondwana rotated to Antarctica.
Crosses are at 10 million years, labeled at 50-million-year intervals.
C is approximate equatorial Ealer pole required to explain diver-
gence of northern Victoria Land VGP'S from East Antarctica poles
due to relative motion.
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Range) is the mean VGP for 174 million-year-old Kirkpatrick
Basalt flows in the Mesa Range (McIntosh et al. 1982) and a
mean pole (J) calculated from other quality studies of Ferrar
rocks tabulated by McIntosh et al. (1982). This mean pole com-
pares favorably with the APWP lending credence to its validity.

Both sites are in rocks mapped as Devonian Admiralty Intru-
sives. Potassium-argon ages on biotite and hornblende from
other Admiralty Intrusives are 360 to 367 million years (Kreuzer
et al. 1981) but the rocks in the Salamander Range may be as
young as 320 million years old. (Stump, Borg, and Holloway
personal communication). The granite host (5 on figure 2) and
mafic dike (4 on figure 2) of site 23 have directions similar to the
Jurassic paleopole. The simplest explanation is that the granite
was remagnetized during emplacement of the dike which is
probably Ferrar, but the dike provides a more reliable record of
the Jurassic field because of greater stability to laboratory de-
magnetization and lower dispersion.

The other site (3 on figure 2) preserves two essentially anti-
parallel magnetizations strikingly different from the present or
Jurassic fields. The upward directions reside in samples of
coarse-grained granite (1) above a horizontal contact. The
downward directions are recorded by the younger, medium-
grained porphyry (2 on figure 2) beneath. Magnetic mineralogy
of both units is similar. Homogenous magnetite is the dominant
magnetic mineral in both units, existing as embayed large crys-
tals and smaller (10 micrometers) grains in altered mafic miner-
als. The low blocking temperature of the remanence and proba-
ble reconstitution of the magnetic cleaning deuteric alteration
indicate the remanence is not a primary thermal magnetization.
Nevertheless, both directions are discordant with both the
Jurassic field and present field and probably reflect two direc-
tions of an earlier paleomagnetic field. Therefore, the data were
combined by inverting the directions of (1 in figure 2) to provide
the best possible estimate of the paleomagnetic field (3). Com-
parison of (3) with the APWP in figure 2 shows that site 3 may
well preserve an original Devonian magnetization.

All the best results from northern Victoria Land (3, 4, MR)

depart from their reference poles in roughly the same direction.
The consistency of the discrepancy between the northern Vic-
toria Land VGP'S and the APWP suggest that the discrepancies

have a common cause, such as post-Jurassic motion between
northern Victoria Land and East Antarctica. Left oblique con-
vergence about pole C, figure 2, would fit all data adequately.
This is consistent with a prediction of Stock and Molnar (1982)
that East and West Antarctica converged in the Late Cretaceous
and Early Tertiary. Other explanations such as failure of the
dipole hypothesis are possible if less interesting, but demon-
stration of the validity of any requires more extensive collection,
measurement, and analysis.

We would like to thank E. Stump, J.R. Holloway, S.C. Borg,
K. E. Lapham, A. Wodzicki, K. S. Schmierer, and C. Dumont for
their kind assistance and cooperation in collecting the samples.
This work was supported in part by National Science Founda-
tion grant DPP 80-20726.
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Paieomagnetic directions and virtual pole positions, Admiralty Intrusive and Mafic Dike, Salamander Range

Site	Mean	
Meandeclination

inclination

Remanence	
Semi-angle

Number of samples	of cone of
used in calculation	95 percent

divided by total	confidence
number of samples

Virtual geomagnetic pole
Approximate peak

alternating field	South	East	Spa	Sma(in millitessla)	latitude	longitude

	

15.60	10.9	16.2

	

5.70	6.3	8.6

	

7.90	5.4	7.5

	

197.00	14.4	14.8

	

238.40	19.9	22.8

81ap03Ab	24.2	-50.7	 4/5	 12.0	 20	-47.20
81apO313c	195.2	+57.5	17/20	 5.9	 30	-55.00
81ap03d	197.1	+56.2	21/25	 5.2	 _9	 _5350
81ap23De	249.6	-82.4	 6/6	 7.6	 20	-63.20
81 ap23G1	279.3	-71.0	 6/10	 13.0	 10	-54.40

a Sp and Sm = 95 probability ellipse around pole along and at right angles to the paleomeridian, respectively.
b One sample excluded for inconsistent directions on demag.
° Three samples with divergent direction and poor stability excluded because near oplite dike.
d At B combined by inverting A directions.

Mafic dike.
Direction based on six most stable samples.
U-,, denotes not applicable.
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Mount Siple volcano, Marie Byrd Land

W. E. LEMASURIER

Geology Department
University of Colorado at Denver

Denver, Colorado 80202

Mount Siple, one of the largest volcanoes in Antarctica, was
visited for the first time on 22 February 1984 during cruise II of

USCGC Polar Sea. The initial landing was made at Lovill Bluff
(figure 1) by helicopter, piloted by LCDR Rick McLean and
crewed by AM2 Robert O'Conner. The scientific party included
Pamela Ellerman (on her birthday), David Johnson, William
McIntosh, and me. We spent a full day visiting Lovill Bluff and
two other western flank localities before steaming north to the
vicinity of Maher Island (figure 1). Because of poor weather
conditions, we were forced to examine the northern flank ex-
posures with binoculars over the next 4 days and finally left the
area on the morning of 27 February to maintain the ship's
schedule. A very useful series of close-up photographs along
the north flank of the volcano was taken by Seaman A.R. Sul-
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Figure 1. Preliminary geologic map of Mount Siple. Base map is from U.S. Geological Survey (1965). Revised geographic coordinates based on
Polar Sea cruise ii data were not available at the time of writing. However, shipboard estimates place the true position of Mount Siple
approximately 40 kilometers west of the position shown In this figure. Localities A, C, D, and J are field designations used for unnamed rock
exposures. ("km" denotes kilometer.)
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Figure 2. View southward of Cape Dart coastal exposures at the
mouth of a well developed glacial valley. The 3,110 meter summit of
Mount Siple is in the background. This photo by A.R. Sullivan, from a
distance of 15-20 kilometers without telephoto lens, records a brief
interval of clear weather at the summit that was not visible from the
ship.

livan during a helicopter reconnaissance of ice conditions just
prior to our departure.

Our objectives on this first visit were to find the answers to
some very basic questions about the volcano, much like prepar-
ing the scientific objectives of a lunar or martian space mission
(there have, in fact, been more landings on the Moon than on
Mount Siple):
• Is it composed of felsic rock (e.g., trachyte, phonolite,

rhyolite), and if so, what does this tell us about melting and
crystallization processes in the crust and mantle beneath the
volcano?

• Is there evidence that water played a part in the origin of the
rocks that make up the volcano, either as water dissolved in
the magma, or as surface water that interacted with the lava at
the time of eruption?

• What are the major structural characteristics of the volcano?
For example, is it a shield volcano, a composite cone, or
composed almost entirely of hyaloclastite tuff breccias, as are
several other Marie Byrd Land volcanoes?
It is apparent from our field work that there is indeed felsic

rock at Mount Siple, but it is probably found mainly on the
upper slopes of the mountain. The localities we were able to
visit were at the base and were composed of basaltic tuffs or flow
rock. However, a collection of beach cobbles recovered from
locality A (figure 1) by Bill McIntosh and members of the Polar

Sea crew was found to consist of 30 percent felsic lava cobbles,
suggesting a nearby upglacier source, as shown on the map. By
analogy with all of the other large Marie Byrd Land volcanoes it
seems likely that the upper portion of the Mount Siple cone is
composed predominantly of felsic rock. Compositional data on
the felsic samples are not yet available.

The base of Mount Siple is characterized by numerous tuff
cones at sea level and by horizontal flow rock immediately
above sea level. On the west flank of the mountain, Lovill Bluff
and locality A (figure 1) are both tuff cones of basaltic composi-
tion; that is, they are comparable to Diamond Head and Koko
Craters on Oahu in structure and composition. Locality C, 6
kilometers north of Lovill Bluff, is 150 meters above sea level

and consists of a 30-meter thickness of horizontal basalt flows.
The relative ages of the tuff cones and the section of flows could
not be determined in the field, but samples from each locality
have been submitted for potassium-argon dating.

On the north side of the volcano it is clear from shipboard
observation and Seaman Sullivan's photographs that Maher
Island and Lauff Island are tuff cones, but the nature of the
onshore exposures is less certain. Sullivan's excellent close-up
photo of a near-sea level exposure north of Recely Bluff (locality
I) shows a cliff of light and dark brown stratified rock that is
likely to be another tuff cone, like Lovill Bluff. Cape Dart ex-
posures at similar or slightly higher elevations appear, from a
distance of 15-20 kilometers, to be composed of ledgy irregular
flows or flows interbedded with tephra.

The available evidence suggests that volcanic ash is not abun-
dant at Mount Siple, except at localities very close to sea level
where it was evidently produced by the explosive interaction of
sea water and lava in coastal vents. The rock at higher elevations
may be predominantly flow rock (like the cobbles) with little or
no volcanic ash, neither the kind produced by explosive exsolu-
tion of dissolved magmatic water nor the kind produced by
explosive interaction of lava and thick glacial ice (hyaloclastite).
Once again, analogy is helpful here. The 17 other large vol-
canoes in Marie Byrd Land are either felsic-shield volcanoes,
composed mainly of flow rock, or else they are composed main-
ly of hyaloclastite (LeMasurier 1972-a). Taking the analogy one
step further, it is reasonable to infer that the major volcanic cone
at Mount Siple consists of a felsic shield volcano overlying a
basal succession of basalt flows, like the relations seen at Toney
Mountain (75°48'S 115°52'W), 400 kilometers to the southeast
(LeMasurier 1972-b). Locality C may represent the basal succes-
sion, and the felsic cobbles suggest a felsic-shield volcano. It
remains to be seen, from the potassium-argon results, whether
Lovill Bluff and locality A represent the earliest stages of vol-
canic activity, preceeding the construction of the main shield, or
a terminal stage of basaltic parasitic cones, like those found on
many of the Executive Committee Range volcanoes 350 kilo-
meters south of Mount Siple.

Our party estimates that roughly 80 percent of the accessible
exposures at Mount Siple remain to be visited. Another visit to
Mount Siple, with more time and better weather, will be needed
(1) to confirm these inferences about the structure of the vol-
cano, (2) to determine the amount and compositional range of
felsic rock, and (3) to determine the ages and total amounts of
hyaloclastite at Mount Siple and the implications of these de-
posits with regard to glacial history. It appears, for example,
that Mount Siple has formed at, or just beyond, the margin of
the continental ice sheet. It would be interesting to know the
range in the age of lavas that were erupted while Mount Siple
occupied this position, and whether the volcano occupies a
position that could represent a long-term limit to the advances
of the ice sheet.

This work is supported by National Science Foundation grant
DPP 80-20836. Our scientific party is grateful to the officers and
crew of USCGC Polar Sea, under the command of Captain Bruce
Little, for their logistic support and overall congeniality and
helpfulness during the cruise. We also offer our thanks to the
Coast Guard helicopter detachment, under the command of
LCDR Rick McLean, for their interest and skillful support during
our all too brief periods of helicopter operation. We extend
special thanks as well to CDR J.J. MacClelland for making avail-
able the crews' collection of beach cobbles and to Seaman A.R.
Sullivan for generously donating his geologic photographs.
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West Antarctica: Its tectonics and its
relationship to East Antarctica

I. W. D. DALZIEL

Lamont-Doherty Geological Observatory of Columbia University
Palisades, New York 10964

R. J. PANKHURST

British Antarctic Survey
Cambridge CB3 OET, United Kingdom

A joint U.S. Antarctic Research Program (USARP)/British Ant-
arctic Survey (BAs) geology and geophysics project was initiated

during the 1980-1981 antarctic season with the object of elu-
cidating West Antarctica's tectonics and relationship to the East
Antarctic craton (Doake, Crabtree, and Daiziel 1983). During
the period from December 1983 to March 1984, the first full
season of work was undertaken in the area between the base of
the Antarctic Peninsula and the Thiel Mountains (see figure).
Aviation fuel was flown in by USARP to the Martin Hills,
Ellsworth Mountains, Mount Smart, and Siple Station, addi-
tional fuel was made available at South Pole Station. Two Twin
Otter aircraft for close support of the geology party and for
airborne geophysics were provided by BAS. Members of the
geologic party were: from USARP, Ian W.D. Dalziel, Columbia
University, New York; Anne M. Grunow, Columbia University,
New York; and Walter R. Vennum, Sonoma State University,
California; and from BAS Robert J. Pankhurst and Bryan F.
Storey. The geophysical program was planned jointly and un-
dertaken in the field by BAS scientists Stephen Garrett, Myron
Maslanyj, and Howard Thompson. Detlef Damaske of the Bun-

Map showing localities mentioned in text. ("HH" denotes Hart Hills; "MJ" denotes Mount Johns; "MM" denotes Mount Moore; "MW" denotes
Mount Woollard; "NH" denotes Nash Hills: "PH" denotes Pirrit Hills; "PN" denotes Pagano Nunatak; "SH" denotes Stewart Hills; "SN" denotes
Sonntag Nunatak.)

1984 REVIEW	 35



desanstalt für Geowissenschaften und Rohstoffe (BGR), Hann-
over, Federal Republic of Germany also participated in the
geophysical field work. The Twin Otters were piloted by Cap-
tains Carry Studd (chief pilot). Ed Murton, and Richard Hasler.

Geology. The geology program for 1983-1984 was concen-
trated on the Ellsworth Mountains/Thiel Mountains ridge
(Craddock, Webers, and Anderson 1982). Work was under-
taken in the Thiel and Whitmore Mountains; Hart, Nash, Mar-
tin, Pirrit, and Stewart Hills; Haag, Pagano, and Sonntag
Nunataks; and Mounts Johns, Moore, and Woollard. In addi-
tion, brief visits were made to the northern Ellsworth Moun-
tains and to the southwestern Patuxent Mountains (see figure).

Basic field observations were undertaken by the whole party
including detailed structural observations in the metasedimen-
tary rocks by Bryan Storey and Ian Daiziel. Extensive collec-
tions were made for major and trace element geochemical anal-
ysis by Walter Vennum and for isotope geochemical studies by
Robert Pankhurst. Anne Grunow and Ian Daiziel collected 608
cores and 38 oriented hand samples constituting 126 sites for
paleomagnetic studies.

Airborne geophysics. The geophysical program involved flying
aeromagnetic and simultaneous radio-echo sounding surveys
along two grids. One grid was located in a triangle between the
Ellsworth, Thiel, and Whitmore Mountains; the other grid was
between the Ellsworth Mountains and the base of the Antarctic
Peninsula (see figure). Approximately 14,000 on-line kilometers
of trace were flown.

The joint USARP/BAS program will continue during the
1984-1985 season with geologic work in the Jones Mountains
and Thurston Island/Eights Coast areas and airborne
geophysics in the area between the Ellsworth Mountains,
Thurston Island, and the base of the Antarctic Peninsula (see
figure). Fuel has been made available by USARP at the Jones

Mountains, Mount Smart, and Siple Station. BAS Twin Otters

will again be made available for close-support of the geological
party and for airborne geophysics.

Acknowledgments. The joint USARP/BAS program has benefited
enormously from the enthusiastic support of Edward Todd
(Director, Division of Polar Programs, National Science Founda-
tion), Richard M. Laws (Director, BAS), Mort D. Turner (Program
Manager, Polar Earth Sciences, Division of Polar Programs), and
Charles W.M. Swithinbank (Head, Earth Science Division, BAS).

Price Lewis, Kenneth Moulton, David Bresnahan, and Erik
Chiang (Polar Operations Section, Division of Polar Programs)
and John Hall (BAS Field Operations Manager, Rothera)
provided invaluable support. The Antarctic Development
Squadron (VXE-6) of the U.S. Navy Antarctic Support Force
provided the essential LC-130 support. Finally, the willingness
of Chuck Kroger (USARP) and of Ian Lovegrove and Paul Wood
(BAs) to help all of us in many aspects of logistics and safety in
the field is greatly appreciated.

The U.S. part of the joint science program is supported by
National Science Foundation grant DPP 82-13798 to Ian W.D.
Dalziel. British Antarctic Survey is a component institute of the
Natural Environment Research Council.
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Preliminary studies of a fossil flora	74'	72o	70o	680	56o
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Plant remains of a gymnospermous Jurassic flora were col-
lected by a U.S. Geological Survey field team led by P.D. Rowley
during the 1977-1978 field season from the Orville Coast and
eastern Ellsworth Land regions of the southern Antarctic Penin-
sula. (See figure.) The area is underlain by Middle and Upper
Jurassic volcaniclastic sedimentary rocks of the Latady Forma-
tion which interfinger with the caic-alkaline silicic volcanic
rocks of the Mount Poster Formation (Rowley et al. in press). All
of the rocks of the Latady Formation, which consists of dark-
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colored shale, siltstone, and sandstone, appear to be tightly
folded and locally thrust faulted. These sediments were intrud-
ed in the Lower Cretaceous by the calc-alkaline plutons of the
Lassiter Coast Intrusive Suite.

Northeast to southwest facies changes in the Latady Forma-
tion indicate changes in the depositional environments, from a
non-marine (lacustrine or lagoonal) area, through a shallow-
marine environment (possibly deltaic) to open-marine shallow
water conditions (Rowley et al. in press). Marine invertebrates
which are locally abundant in the southeasternmost exposures
indicate this formation to be Upper Jurassic, probably Kim-
meridgian to Tithonian (Thomson 1980).

Over 150 specimens of plant material were collected from
the non-marine deposits of the Latady, specifically from the
Behrendt Mountains and northern Sweeney Mountains. Most
of the plant fossils are poorly preserved fragments of leaves in
highly altered, fine-grained rock. The fossil foliage is preserved
as compressions and impressions, although no carbonaceous
film or cuticle is present. The specimens, however, do show
some foliar details that are useful in taxonomic identification
within these plant groups. The flora is primarily represented by
foliage fragments of seed ferns, cycadeoids,and conifers. The
fossils include at least five forms of cycadeoid leaves, six forms
of seed fern foliage (including one fertile specimen), and four
forms of conifer leaves.

Wood has also been preserved. Like the leaf fossils, the wood
appears to be highly altered and exhibits some internal
coalification. It is possible, however, that some of the fossils may
have retained some internal structure. In addition to these
megafossils, microfossils are also expected to be found in sedi-
ment samples since pollen and spores are often unaffected by
metamorphism.

The Orville Coast flora shares many similarities with other
Southern Hemisphere assemblages of the same age. Although
the taxonomic identifications of the plants remain tentative at

this point, the Orville Coast fossil foliage bears closest re-
semblance to the Jurassic plants found at Hope Bay and along
the Lassiter Coast of the Antarctic Peninsula. Like the Hope Bay
forms, the Orville plants also appear to be very similar to those
found in the Rajmahal and Jabalpur floras of India.

The Upper Jurassic age and exclusively gymnospermous
composition of the Orville flora indicate that this assemblage
documents the youngest flora known from Antarctica prior to
the appearance of angiosperms in the Lower Cretaceous vol-
caniclastic sediments of the antarctic peninsular area (Jefferson
1980, 1982).

Research on the Orville Coast flora will continue with tax-
onomic identification and description of the foliage fossils, thin-
sectioning of the wood specimens, and extraction of the pollen
and spores from the sediment samples for palynological
investigation.

The field work for this research was funded by National
Science Foundation grant DPP 76-12557 to the U.S. Geological
Survey. I thank the polar expedition team of P.D. Rowley, J.M.
Boyles, P. E. Carrara, K. S. Kellogg, T. S. Laudon, and W. R. Ven-
num for collection of the plant fossils.
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Detection of sulfide mineral deposits
by remote sensing in the Antarctic

Peninsula

E. J. ZELLER and
C. A. M. DRESCHHOFF

Space Technology Center
University of Kansas

Lawrence, Kansas 66045

During the USCGC Polar Sea science cruise II of the austral
summer season 1983-1984, gamma-ray survey operations con-
ducted on this project provided some especially interesting
results. In the early part of the cruise, outcrops were examined
at the foot of Mount Siple on Siple Island. However, later in the
cruise extremely adverse weather and ice conditions made it
impossible to reach all of the areas that were scheduled for field
operations by other parties. This made time and logistic support

from the helicopters of the USCGC Polar Sea available for a radi-
ometric survey over a large part of the Antarctic Peninsula area
in the 3-day period from 6 to 8 March. The Peninsula region
surveyed is shown in the figure.

Although the overall levels of radiation are low, strong anom-
alies up to 5 times the average background were observed and
found to correlate with mineralized zones, some of which could
be identified by heavy iron staining that was visible from the air
during the flight operations. The occurrence of mineralization
within the survey area proved to be easy to recognize from the
air because of the elevated levels of uranium and thorium which
are associated with the deposits. In this portion of the Antarctic
Peninsula the use of gamma rays for remote sensing has been
shown to be very valuable because the red or brown iron stain-
ing is not well developed on outcrops which have been recently
deglaciated or those which are very near to shorelines. Here, as
in other areas, airborne gamma-ray spectrometry provides a
rapid method for localizing mineralized zones and must be
considered to be a major aid in evaluating resource potential for
a broad spectrum of mineral resources.

In the South Shetland Islands, the volcanics of Deception
Island show an overall radioactivity that is only slightly above
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Map showing the areas surveyed in the region of the Antarctic
Peninsula. ("Km" denotes kilometer.)

background with no prominent anomalies present. Ground
checking of two fumarolic vents on the beach in the inner crater
failed to reveal any elevation in radiation levels.

At Livingston Island some small anomalies were detected but
none of the higher radiation levels which tended to characterize
the area adjacent to the Gerlache Strait was found. Further-
more, the radiometric signature of the sulfide bearing veins
near Johnson's Dock on the Hurd Peninsula (Pride, Moody, and
Rosen 1981), differs markedly from that of the sulfide veins on
Anvers Island. The thorium-to-uranium ratios and the po-
tassium-to-uranium ratios are significantly and consistently dif-
ferent when the two localities are compared. Interestingly,
some of the strongest radiation anomalies that were detected
during the airborne traverses were found to occur over the
peninsula west of Charlotte Bay on the Danco Coast. This area
shows ratios of thorium to uranium and potassium to uranium

which are intermediate to those on Livingston Island and at
Palmer Station.

Copper mineralization has previously been reported in the
Antarctic Peninsula by Pride et al. (1981), Rowley and Pride
(1982), Vieira et al. (1982), and Rowley, Williams, and Pride
(1983). We found copper staining of outcrops visible from the air
at a large number of sites in both the South Shetland Islands and
the Gerlache Strait. In particular, we were able to use the air-
borne gamma-ray spectrometer to locate a quartz-chalcopyrite
vein that outcrops on Bonaparte Point near Palmer Station
(Rowley and Pride 1982). While searching for this vein, we flew
northeast of Palmer Station where we found another anomaly
near the coastline adjacent to the ice cliff about 500 meters
northeast of the main station buildings. Fortunately, it was
possible to make a thorough ground examination of this anoma-
ly and two prominent quartz veins containing discontinuous
sheets of sulfide minerals 3-5 centimeters thick were dis-
covered. Numerous other parallel trending veins also showing
sulfide minerals were found along the shoreline immediately
below the ice cliff for at least 200 meters. We believe that rapid
retreat of the ice edge northeast of Palmer Station has exposed
these veins in the last 3 years. This conjecture is supported by
maps of the area which indicate earlier positions of the ice edge
and by the fact that previous geologists who visited the station
do not report conspicuous veins at this location. One small
sample of sulfide minerals that was returned by air has been
analyzed, and it shows 2.95 percent copper together with lesser
amounts of lead, zinc, and molybdenum. This association sug-
gests that the veins represent a polymetallic hydrothermal de-
posit. Larger and more comprehensive samples have just been
returned from Antarctica via the USCGC Polar Sea and are now
being analyzed.

This research was supported by National Science Foundation
grant DPP 77-21504.
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Meteorite studies_________________________

Search for meteorites, 1983-1984

W. A. CASSIDY and J. W. SCHUTT

Department of Geology and Planetary Science
University of Pittsburgh

Pittsburgh, Pennsylvania 15260

The 1983-1984 season was the eighth consecutive year of U.S.
support for the antarctic search for meteorites. The goal of this
season's expedition was to continue meteorite recovery opera-
tions at icefields in the Allan Hills region of Victoria Land.
Members of the field team were R.F. Fudali, A.C. Hitch, K.
Nishiizumi, P. Pellas, L. Schultz, P. Sipiera, and the authors.

The field party was put in by LC-130 near Griffin Nunatak, as
shown in the figure, and traversed by snowmobile to Elephant
Moraine (76°11'S 157°10'E), where 207 specimens were re-
covered during a 2-week period. We traversed then to the Allan
Hills far western ice field* which we had visited for the first time
in the previous field season. During 1 week at this site, we
recovered 84 specimens; based on field relations, however 77 of
these are provisionally identified as being fragments of one
carbonaceous chondrite. Our next stop was at the Allan Hills
middle western icefield. We remained there for 10 days but
were able to work effectively for only a short while because of a
7-day storm. Thirty-five specimens were recovered. From this
site we traversed to our final campsite at the Allan Hills main
icefield. Operating from this location we recovered 13 spec-
imens at the Allan Hills near western icefield and 29 specimens
at the main icefield.

* The designations far western icefield, middle western icefield, main
icefield, and near western icefield are not official names, but the
features are distinct geographic units.
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Location of the 1983-1984 search for meteorites.

Our return to McMurdo was by helicopter. A total of 368
meteorite specimens had been recovered. (See table.)

Virtually all the specimens recovered this season were located
precisely for inclusion on field maps that are being compiled.
This task was aided greatly by reference to accurately known
points at Elephant Moraine and the Allan Hills far western
icefield. The positions and elevations of these stations had been
determined during the previous field season by satellite dop-
pler point-positioning measurements. Many of the meteorite
positions this season were determined using a theodolite and

Tentative classification of meteorite specimens found during the 1983-1984 season

Location

Elephant Moraine icefield
Allan Hills far western icefield
Allan Hills middle western icefield
Allan Hills near western icefield
Allan Hills main icefield
Totals

Ordinary
chondrites

179
7

31
13
29

259

Classification

Carbonaceous
Achondrites	chondrites	Stony-Irons

12	 4	 1
_a	 77b	 -

2	 2	 -

14	 83	 1

Possible
Irons	meteorites	Totals

3	8	 207
-	-	 84
-	-	 35
-	-	 13
-	-	 29
3	8	 368

s"-" denotes none of this class found in this locality in the 1983-1984 season.
bSpecimens were found scattered within two small areas located relatively close to each other and probably are all pieces of a single meteorite.
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an electronic distance measuring (EDM) device. These data will
be used in searching for correlations between geographic loca-
tion of a specimen and its terrestrial age, type or class, size, and
degree of weathering. It will now be possible also to correlate
better the locations of this season's specimens with those found
in succeeding seasons.

A series of gravity measurements was made between the far
western and the main Allan Hills icefield. Results from these
will be reported in a future issue of Antarctic Journal. Over the

entire area covered during the 1983-1984 season, we found the
exposed ice surfaces to be more completely free of snow than at
any time in which we had visited them in the past year. The
Allan Hills main icefield, in fact, had no snow at all. This may
help explain why we found a small number of specimens there,
even though the area had been searched repeatedly in previous
seasons.

This research was supported by National Science Foundation
grant DPP 78-21104.

Meteorite studies: Terrestrial and
extraterrestrial applications

M. E. LIPSCHUTZ

Department of Chemistry
Purdue University

West Lafayette, Indiana 47907

Following accidental meteorite discoveries by Japanese
glaciologists on blue ice in Queen Maud Land in 1969, nearly
7,000 specimens have been returned by Japanese antarctic re-
search expeditions and the U.S. antarctic search for meteorites.
The U.S. effort has recovered 1,656 samples through the
1983-1984 field season with many being of types common
among non-antarctic meteorites: others are rare or unique.
Much scientific information already obtained from antarctic
meteorite studies relates to extraterrestrial processes, less to
terrestrial history (Lunar and Planetary Institute 1984). We use
radiochemical neutron activation analysis and atomic absorp-
tion spectrophotometry to determine parts-per-million or
parts-per-trillion levels of 12-17 siderophile, chalcophile,
lithophile, and volatile/mobile trace elements in each meteorite
we study. These meteorites act as probes of extraterrestrial
processes and, via weathering effects, of terrestrial antarctic ice
sheet dynamics.

Previously, Lipschutz (1984) described studies dealing with: a
lunar meteorite, Allan Hills 81005 (Verkouteren, Dennison, and
Lipschutz 1983); four shergottites, including Allan Hills 77005
and both lithologies of Elephant Moraine 79001, possibly from
Mars (Smith etal. 1984); and a new type of primitive material, F.
chondrites, found only in Cumberland Falls and Allan Hills
78113 enstatite achondrites (Verkouteren and Lipschutz 1983).
These papers have since been completed and published.

Since then, we investigated the petrography and chemistry of
a unique LL7 meteorite, Yamato 74160 (Takeda, Huston, and
Lipschutz 1984). (The other petrologic type 7 chrondrites
known, non-antarctic E7 and L or LL7 specimens are so
weathered, that preterrestrial mineralogic and trace elements
trends are obscured.) Mineral compositions and silver, gold,
bismuth, cadmium, cobalt, cesium, gallium, indium, rubidium,
selenium, tellurium, thallium, uranium, and zinc contents indi-
cate that this meteorite melted relatively rapidly, at tem-
peratures well above 1,090°C, under conditions such that some
minerals (e.g., plagioclase, euhedral pyroxenes, tetrataenite)
grew from the melt and siderophilic and chalcophilic elements

were extracted into eutectic that drained away. Yamato 74160 is
recognizably chondritic but represents an arrested stage of
achondrite development; time-temperature conditions would
have had to have been even more severe to transform it into an
identifiable achondrite type.

Two important, ongoing projects will be described at an up-
coming international meeting (Dennison, Lingner, and
Lipschutz in press). To study chemical weathering and establish
absolute weathering rates, we determine silver, gold, bismuth,
cadmium, cobalt, cesium, indium, rubidium, antimony, se-
lenium, tellurium, thallium, and zinc in unpaired Victoria Land
H5 chondrite samples of weathering types A, B, and C (i.e.,
minor to extensive metal-grain alteration) or those containing
weathering rind: most have known cosmogenic radionuclide
contents. Using a single-sided upper-tail t test, interior samples
of eight weathering type C samples differ compositionally from
two type A and six type B samples. Sinificant greater than a 90
percent confidence level) differences for bismuth, cesium, and
antimony and possible (85-89 percent confidence level) dif-
ferences for silver, indium, selenium, and thallium indicate
leaching loss during weathering to type C. Weathering rinds
define no coherent trend. Thus, meteorites of types A and B are
compositionally unaffected by antarctic processes and, like ob-
served falls, can provide useful genetic information (Biswas,
Ngo, and Lipschutz 1980; Biswas et al. 1981). Type C meteorites
will prove valuable for establishing weathering trends and
rates.

Contents of silver, arsenic, gold, bismuth, cadmium, cobalt,
cesium, gallium, indium, potassium rubidium, antimony, se-
lenium, tellurium, thallium, and zinc in 43 non-antarctic H4-6
chondrite falls apparently reflect only early (i.e., greater than or
equal to 4.5 gigayears) solar system processes (Lingner, Hus-
ton, and Lipschutz in press). When compositional data for H5
falls are compared with those for such chondrites from Victoria
Land, many elements differ. Gold, bismuth, antimony, se-
lenium, and thallium are significantly higher in antarctic sam-
ples and cadmium, indium, rubidium, zinc, and possibly silver
are lower. Hence, it is unlikely that parent populations sampled
by Antarctica 0.1-0.7 million years ago and Earth today are
identical (cf., Goswami and Nishiizumi 1983). This probably
reflects differences in debris proportions from different colli-
sions on H chondrite parent(s) with time (Dennison et al., in
press). If a temporal change in the near-Earth meteoroid com-
plex is borne out by further studies, the antarctic collection will
prove even more valuable than previously thought. It would
then constitute an entirely new sampling of extraterrestrial ob-
jects and would give further information on the structural integ-
rity and dynamics of the antarctic ice sheet.

This research was supported in part by National Science
Foundation grant DPP 81-11513, National Aeronautics and Space
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Administration grant NAG 9-48 and Department of Energy
grant DEFG 0280 ER 10725.
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Classification of antarctic meteorites

B. MASON

Department of Mineral Sciences
Smithsonian Institution

Washington, D.C. 20560

During the past year, work has continued on the examination
and classification of antarctic meteorites collected by U.S. par-

ties directed by W.A. Cassidy during austral summers
1978-1979, 1981-1982, 1982-1983, and 1983-1984. These com-
prise 232 from the Allan Hills, 17 from Elephant Moraine, 29
from Pecora Escarpment, 16 from Thiel Mountains, and 1 from
Taylor Valley. The results of this work have been reported in
Antarctic Meteorite Newsletter, 6:2 and 7:1 (available from Johnson
Space Center, Code SN2, Houston, Texas 77058) and in "Field
and laboratory investigations of meteorites from Victoria Land,
Antarctica," (Smithsonian Contributions to the Earth Sciences,
number 26, available from Brian Mason, Department of Mineral
Sciences, the Smithsonian Institution, Washington, D.C.
25060).
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Glacial geology

The Sirius Formation: Further
considerations

B. C. MCKELVEY

Department of Geology and Geophysics
University of New England

Armidale, NSW 2351, Australia

J. H. MERCER, D. M. HARWOOD, and L. D. STOTT

Institute of Polar Studies
and

Department of Geology and Mineralogy
Ohio State University

Columbus, Ohio 43210

It has been recently suggested that the Pliocene Sirius Forma-
tion of Mercer (1972, 1981) and its equivalents in the Transan-
tarctic Mountains reflect overriding of the mountain chain by a
greatly thickened east antarctic ice sheet (Webb et al. 1984). The
presence of recycled Cretaceous and Cenozoic marine micro-
fossils is attributed to erosion and transport by the thickened ice
sheet of marine strata occupying the Wilkes and Pensacola
basins, now hidden beneath the east antarctic ice sheet (Webb et
al. 1984). Precise timing of the overriding is uncertain but it
must post-date the youngest microfossils present within the
Sirius Formation. These are a diatom microflora determined to
be between 3.1 and 2.2 million years old (Harwood 1984).

To collect more field data and samples for paleontological
analysis a team from the Institute of Polar Studies at Ohio State
University in the 1983-1984 antarctic field season examined
outcrops of the Sirius Formation at Mount Sirius (84°08'S
163°15'E) in the Central Transantarctic Mountains; and at Tillite
Spur (85°59'S 126°36'W) and Metavolcanic Mountain (86°13'S
126°15'W), both near the head of the Reedy Glacier. Mercer
(1968) describes the two latter localities. In addition, in southern
Victoria Land west of McMurdo Sound, Sirius Formation out-
crops were examined and collected at Table Mountain (77°56'S
161°59'E), Mount Feather (77°58'S 160°20'E), Mount Fleming
(77°33'S 160°08'E), and near Shapeless Mountain (77°26'S
160°26'E). The geology of the Table Mountain and Mount
Feather localities has been described by Barrett and Powell
(1982) and Brady and McKelvey (1979, 1983) respectively.

In all the localities examined, the compositions of the indu-
rated clasts in the diamictites were compatible with the known
regional geology. No indurated exotic clasts were noted. The
microfossjls faunas and floras are contained within semilithified
and often deformed sediment fragments that are virtually indis-
tinguishable from the diamictite matrices.

•	 '	
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Figure 1. Subhorizontal striated pavement developed on columnar
Ferrar Dolerite at Mount Sirius. The pavement has been revealed by
excavation of the overlying Sirius Formation (foreground). In the
background the slightly weathered dolerite surface has lost all trace
of striations. Pencil (15 centimeters) is aligned approximately paral-
lel to the striations.

Mount Sirius. At Mount Sirius an incomplete 84-meter-thick
sequence of the Sirius Formation rests disconformably on a
gently undulating striated pavement of Ferrar Dolerite. Direc-
tion of striations at four (excavated) pavement localities vary
between 022° and 105°, with the predominant transport direc-
tion being toward 075° (figure 1). The freshness of the pavement
beneath the tillite suggests that deposition followed imme-
diately after erosion and scouring of the Ferrar Dolerite. The
Sirius Formation consists predominantly of indistinctly strat-
ified diamictites (maximum clast size 4 meters) and interbedded
subordinate lensoidal pebble breccias or conglomerates, and
very minor laminated siltstones (figure 2). The conglomerates,
breccias, and silistones are most abundant in the uppermost 30
meters where soft sediment deformation is common and some
beds locally are steeply (greater than 45°) inclined.

Reedy Glacier (Tillite Spur). At Tillite Spur, semi-lithified di-
amictite of the Sirius Formation covers granitic rubble resting on
shattered and fragmented bedrock of the Beacon Supergroup.
Close inspection of the indistinctly stratified sequence reveals
widespread gentle (about 5°) soft sediment deformation which
precludes confident determination of imbrication and hence
transport direction. Long axis orientation of clasts in the young-

42	 ANTARCTIC JOURNAL



est horizons preserved indicates an average line of transport
direction trending 175°1355°. At least one interval approx-
imately 1.5 meters thick showed subvertical clast fabric, sug-
gesting a period of periglacial weathering during deposition of
the sequence (Derbyshire, Gregory, and Hails 1979).

Southern Victoria Land. Of the southern Victoria Land localities
visited, those near Shapeless Mountain and Mount Fleming
abut glacier ice and appear to have been recently overridden.
The relationship of the Sirius Formation to the subglacial to-
pography cannot be determined. However, at Mount Feather
and Table Mountain (and similarly at Mount Sirius and Tillite
Spur) the Sirius Formation outcrops are perched far above pres-
ent glacier ice. At Mount Feather the glacigene strata outcrop
atop the steep-sided northeastern ridge of the mountain (at
approximate 77°56'S 160°24E) as an erosion residual surmount-
ing two subsequent scarps 700 meters and 1,000 meters high
respectively (Brady and McKelvey 1979). On geomorphic evi-
dence, deposition of the glacial strata appears to predate at least
much of the downcutting of the present-day valley profiles.
Paleontological evidence from Dry Valley Drilling Project site 11
in nearby Taylor Valley indicates that cutting of the existing ice
drainage system is older than latest Miocene (Webb and Wrenn
1982). For this reason Brady and McKelvey (1979) and Barrett
and Powell (1982) considered deposition of the Sirius Formation
in southern Victoria Land to be at least a late Miocene and
probably even older event. This interpretation is apparently in
error, because a diatom microflora including a taxon restricted
to early late Pliocene through earliest Pleistocene in the south-
ern ocean (Webb et al. 1984) has been identified in the Sirius
Formation at Mount Feather. The observed rates of erosion in
southern Victoria Land make it inconceivable that the two ero-
sion scarps could be younger than the Sirius Formation. The
Formation (carving) of the precipitous northeastern spur of
Mount Feather (on which the Sirius Formation rests) is therefore
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Figure 2. Poorly sorted breccia and conglomerate (center left) over-
lain with irregular contact by massive diamictite. The largest clast
visible (top center) is approximately 1 meter across. Older diamic-
tites (foregound) underlie the breccia and conglomerate with indis-
tinct contact. Southwestern spur of Mount Sirius.

an older event than the deposition of the formation itself. We
suggest that at the time of deposition of the Sirius Formation
both the Beacon Valley and the eastern cirque of Mount Feather
(i.e., either side of the ridge), as well as other valleys in the area,
were ice-filled. It follows that the Pliocene Sirius Formation was
deposited from plateau-derived ice onto a Miocene or older
landscape largely buried beneath locally derived, relatively
stagnant ice. Subsequent flow of the mantling ice down the
drainage system toward the Ross Sea removed much of the
Sirius Formation. The only Sirius Formation sediments exposed
today were deposited on exposed rock, such as the crest of the
northeastern ridge of Mount Feather; the glacial material that
was deposited upon the ice filling the valleys of the McMurdo
oasis has subsequently been transported and reworked into
deposits mantling the now ice-free valley floors.

This interpretation of the depositional setting of the Sirius
Formation at Mount Feather may well hold for all the Sirius
Formation throughout the Transantarctic Mountains, so ex-
plaining its occurrence as scattered outcrops at relatively high
altitudes.

Finally, we would confirm the general southeastward (toward
145°) ice-flow direction determined for the Mount Feather Sirius
Formation (Brady and McKelvey 1979) and emphasize that this
direction is approximately at right angles to that of the overrid-
ing ice episode proposed recently for the same region by Den-
ton et al. (1984). In other words, this latter overriding is a
younger event than the deposition of the Sirius Formation.

Acknowledgments. We thank James Leide and Carl Thompson
for their invaluable assistance in the field. This work was sup-
ported by National Science Foundation grants DPP 81-17889A01
and DPP 80-23458A01 to the Institute of Polar Studies, Ohio State
University, and by a research grant from the University of New
England, Armidale, New South Wales, Australia.
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Non-marine diatoms in the Sirius
Formation

D. E. KELLOGG and T. B. KELLOGG

Institute for Quaternary Studies and
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University of Maine
Orono, Maine 04469

We report here findings of non-marine diatom species in four
samples of the Sirius Formation collected by us in 1978 from
Mount Feather.

Our preliminary analysis of one of these samples, done in
1979, revealed only a single specimen of the marine species
Coscinodiscus furcatus, a stratigraphic indicator for the Brunhes
(0 to 730,000 years ago, Mankinen and Dalrymple 1979) normal
polarity epoch (McCollum 1975) or late Brunhes (Schrader 1976,
figure 13). At the time, we were concerned that this single
specimen might represent contamination in the laboratory, and
we made an unsuccessful attempt to find the mode and source
of contamination. We, therefore, proposed additional field
sampling as an attempt to replicate the finding. Our interest in
the Sirius Formation was recently renewed when Webb et al.
(1984) reported marine diatoms from the Sirius Formation at a
number of sites, including Mount Feather, and inferred a
Pliocene age. This report confirms that our earlier discovery of
C. furcatus cannot be attributed to laboratory contamination. C.
fu rcatus has a younger range than suggested by Webb and his
co-workers for the Sirius Formation: however, Brunhes species
including Actinocyclus actinochilus are present in their samples
(Harwood personal communication). Webb et al. (1984) inferred
that marine microfossils, including diatoms, were transported
to high-altitude depositional sites in the Transantarctic Moun-
tains by ice moving from the Wilkes-Pensacola Basins (sub-
glacial basins in East Antarctica).

Non-marine diatoms have not been reported previously from
the Sirius Formation. The flora in our samples from Mount
Feather is very sparse (maximum of 12 specimens in one sam-
ple) (see table) so each sample required considerable time for
complete analysis. Eleven taxa were found in our samples. All
these species are found commonly in meltwater ponds and
lakes in the dry valley region and on the McMurdo Ice Shelf
(Kellogg et al. 1980; Kellogg and Kellogg, Antarctic Journal, this
issue). Preservation is moderately good to good, suggesting
minimal reworking and/or transport after deposition.

We are not yet prepared to suggest a mechanism for emplace-
ment of non-marine diatoms in the Sirius Formation, although a
number of possibilities exist. (1) Diatoms could be carried by
winds to locations as high and remote as Mount Feather (2,750
meters), but we doubt that wind transport of diatoms is respon-
sible for our specimens because we carefully sampled from
below the surface of the outcrop and because the Sirius Forma-
tion is semilithified. (2) Another possibility is that non-marine
diatoms were introduced during retreat of an overriding ice
sheet, such as that proposed by Webb et al. (1984) for transport
of diatoms from the Wilkes-Pensacola Basins. As its surface
lowered, melt ponds and marginal lakes might have formed
where the ice margin came in contact with the sides of nunataks
and mountains. Again, the semilithified nature of the Sirius
Formation would seem to preclude this mechanism, unless the

Non-marine diatoms from the Sirius Formation (SF) at Mount
Feather

Taxa
	 SF-1 SF-2 SF-3 SF-5

Cyclotella comta	 1	1	2	2
Cyclotella glomerata	 _a	-	-	3?b

Cyclotella stelligera
Eunotia sp.?

Melosira distansc	 2?	5? -	5?
Melosira italica	 -	1	-	1
Melosira italica v. subarctica
Nitzschia westii	 -	1? -	-

Stauroneis anceps
Tabellaria quadriseptata
Tropidoneis sp.?

Totals
	 4	10	6	12

a '" denotes no species found in sample.
b Cyclotella glomerata could not be distinguished unquestionably from C.

stelligera in specimens where the central portion of the valve has been
subjected to severe dissolution as in this case.
Identification of Melosira distans is tentative because positive identifica-
tion is possible only if specimens are observed in girdle view, but this
species tends to lie on the microscope slide in valve view.

sediments were quite soft and porous at the time. (3) A third
possibility is that ice coming from Wilkes-Pensacola Basin trav-
eled across a number of different landscapes, including lakes
and melt ponds. The problem with this interpretation, which
would seem to explain the large intersample variability in mi-
crofossils in the Sirius Formation is that preservation of the non-
marine diatoms is quite good suggesting minimal transport and
reworking. Resolution of this problem must await further analy-
sis of the deposit at Mount Feather and other Sirius Formation
localities.

Although sponge spicules were observed in sample SF-1, no
other marine microfossils were encountered in our samples. Yet
Webb et al. (1984) reported silicoflagellates and a diverse flora of
Pliocene diatoms in their sample from Mount Feather. This
observation suggests that there is considerable variability in the
Sirius Formation, from location to location, and even within a
single outcrop. It is even possible that different outcrops of the
Sirius Formation represent transport and deposition by ice
sheets at a number of different times.

We thank P.N. Webb and D.M. Harwood for a preprint of
their paper and discussions which stimulated us to continue
our interest in the Sirius Formation. This work was supported
by National Science Foundation grant DPI' 80-20000.
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Preliminary diatom results from
eastern Taylor Valley drill cores

D. E. KELLOGG and T. B. KELLOGG

Institute for Quaternary Studies and
Department of Geological Sciences

University of Maine
Orono, Maine 04469

In conjunction with the drilling project in eastern Taylor
Valley under the joint direction of Donald Elston of the U.S.
Geological Survey and Paul Robinson of the New Zealand Geo-
logical Survey, we made diatom analyses of ice-cemented sedi-
ments from cores drilled during the 1982-1983 field season.
These analyses provide micropaleontologic age support for in-
terpretation of paleomagnetic results, as well as information on
the depositional environments represented by these sedi-
ments. Analyses of additional cores drilled in 1983-1984 will be
completed this summer.

We analyzed 20 samples from five of the six cores drilled in
1982-1983, but gave priority (12 samples) to ETV-3, a 58.5-
meter core from a depression just east of the crest of Coral Ridge
(approximately 1.5 kilometers west of Explorers Cove) (see fig-
ure). Additional effort was concentrated on analyses of the
upper portions of ETV-5 and ETV-6, collected from sites lo-

TAYLOR VALLEY
ci 	km

)

CANADA	\
GLACIER

DV^D P Ii 2

I.',
'0

cated within 50 meters of DVDP-11. Our purpose here was to
evaluate the reversed magnetic polarity reported from about 2
to 4 meters in DVDP-11 (Elston and Bressler 1981; Elston,
Robinson, and Bressler 1981; Purucker, Elston, and Bressler
1981).

Our findings may be summarized for all the ETV samples
analyzed as follows: (1) Non-marine species predominate in all
samples (table 1). (2) Fragments of marine species are present in
most samples. (3) Non-marine specimens are in a much better
state of preservation than the marine specimens. (4) Some ma-
rine species with known stratigraphic ranges are present; ages
represented include Miocene, Pliocene, and Quaternary (sam-
ples with Brunhes indicators are listed in table 2).

We conclude that considerable reworking was involved in the
deposition of all unconsolidated deposits penetrated by the ETV

drill cores. This conclusion is based on the facts that (1) marine
specimens are highly fragmented, and (2) marine indicator
species present represent mixed ages in the Miocene to Recent.
The most recent reworking can be no older than Brunhes in age
(0-730,000 years ' old, Mankinen and Dalrymple 1979) because
all samples containing older stratigraphic indicators also con-
tain species with ranges restricted to the Brunhes.

The better preserved non-marine diatom species provide the
key to understanding depositional environments represented
in the ETV drill cores. Non-marine diatoms present (table 1) are
commonly found living today in lakes and small melt ponds in
the dry valleys and on the McMurdo Ice Shelf (Kellogg and
Kellogg, Antarctic Journal, this issue) and were found in late
Quaternary-perched deltas in Taylor Valley, which formed
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Map of eastern Taylor Valley showing locations of eastern Taylor Valley (ETV) and Dry Valley Drilling Project (DvDP) cores mentioned In text. ("km"
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along the margin of Glacial Lake Washburn during retreat of the
late Wisconsin west antarctic ice sheet (Kellogg et al. 1980). For
this reason, and because of the sedimentology of the eastern
Taylor Valley deposits (Robinson, unpublished data), we sug-
gest that these deposits formed in a glacial-proximal, possibly
deltaic, environment.

Marine diatoms present in ETV cores are thought to have been
derived from glacial drift deposited in Taylor Valley by advances
of west antarctic ice, entering the valley from McMurdo Sound
(Stuiver et al. 1981). Drift from the most recent Ross Sea glacia-
tion contains reworked marine diatoms (D. Kellogg, un-
published), as do marine sediments of presumed late Wisconsin

age in the Ross Sea (Kellogg and Truesdale 1979; Kellogg and
Kellogg 1981).

Marine stratigraphic indicator species from ETV-5 and ETV-6
are not consistent with a pre-Brunhes (more than 730,000 years
old) age. The sample at 1.71 meters in ETV-5 contained the
Miocene indicator species Denticulopsis antarctica, but it also
contained the Brunhes species Nitzschia curta and Thalassionema

bacteriastrum and possibly (badly broken and thus not positively
identified) Rouxia antarctica. The sample at 2.01 meters in ETV-5
also contained a possible specimen of N. curta but none of the
older indicators. Other levels in ETV-5 analyzed (4.05 and 5.06
meters) contained 100 percent non-marine diatoms. In ETV-6 at

Table 1. Complete list of non-marine diatoms and census data for selected ETV samples

Taxa
	 ETV-3	ETV-3	ETV-4	ETV-5	ETV-6	ETV-7

Core depth in meters

Achnanthes sp.
Amphora sp.
Cyclotella comta
Cyclotella comta v. oligactis
Cyclotella glomerata
Cyclotella stelligera
Cyclotella spp.
Diploneis sp.
Fragillaria sp.
Hantzschia amphioxys
Melosira distans
Melosira italica v. subarctica
Navicula contenta
Navicula contenta v. parallela
Navicula deltaica
Navicula gaussi
Navicula gibbula
Navicula cf. kerguelensis
Navicula mutica
Navicula mutica v. capitata
Navicula mutica v. cohni
Navicula muticopsis
Navicula muticopsis v. evoluta
Navicula muticopsis v. murrayi
Navicula muticopsis v. reducta
Navicula aft. pseudoscuteformis
Navicula quaternaria
Navicula aft. scuteformis
Navicula shackletoni
Navicula sp.
Nitzschia westii
Pinnularia cymatopleura
Pinnularia Cf. kerguelensis
Stauroneis anceps
Stauroneis spp.
Synedra ? sp.
Tabellaria fenestrata
Tabellaria flocculosa
Tabellaria quadriseptata
Other (Unidentified)

Totals

	

33.99
	

38.59
	

5.33
	

1.71
	

1.58
	

9.88

	

2
	

4

	

2
	

1
	

3
	

10

	

6
	

2
	

5
	

27

	

5
	

2
	

18
	

211

	

13
	

3
	

3
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14
	

30
2

3
2
	

31
46
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9
	

32
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1
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	 12
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16
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2

2
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5

	

2
	

5

	

25	178	54	 66
	

109
	

301

U-,, denotes no species found in sample.
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Table 2. Census data for marine Brunhes indicator diatoms in ETV cores

Taxa
	 ETV-3	ETV-3	ETV-3	ETV-4	ETV-5	ETV-5	ETV-6	ETV-7

Core depth in meters	 33.99

Actinocyc/us actinochilus	 _a
Coscinodiscus lentigenosus	 -
Coscinodiscus stel/aris v. symbolophorus	 -
Nitzschia curta	 1 + +
Rouxia antarctica	 -
Thalassionema bacteriastrum	 -

a "" denotes no species found in sample.
b "	" denotes positive identification.

denotes possible identification, but specimen badly broken.
"+" denotes probable identification.

38.59	38.62	5.33	1.71	2.01	1.58

2++b	 1-	-	-	-
2+ d	-	-	-	-	-
1++	-	-	-	-	-
-	-	-	2++	1-	-

6-	-	3-	1-	-	1-
1-	-	2-	1++	-	3-

7.07

U

1-

	

1.58 meters, possible specimens of T bacteriastrum and R. ant-	Journal of the U.S., 18(5), 29-31.

	

arctica were encountered, supporting a Brunhes age. This age	Kellogg, D.E., and T.B. Kellogg. 1984. Diatoms from the McMurdo Ice
	supports the paleomagnetic results from ETV-5 and ETV-6	Shelf, Antarctica. Antarctic Journal of the U.S., 19(5).
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The antarctic ice sheet exhibited two forms of late CenozoicIce-sheet overriding of the ice-free	expansion. During the last two (and probably three) late
valleys of southern Victoria Land	Quaternary glaciations, ice grounded in the Ross and Weddell

embayments and on the narrow east antarctic continental shelf.
However, the Transantarctic Mountains remained exposed to

C. H. DENTON and R. P. ACKERT

	

	 separate the east and west antarctic ice sheets. A surprising
discovery from recent field work (Denton et al. 1984) is that

Department of Geological Sciences and	 several earlier expansions involved a massive ice sheet that
Institute of Quaternary Studies	 flowed northeastward over the dry valleys and the central

University of Maine	 Transantarctic Mountains. We infer a unified ice sheet (figure 4
Orono, Maine 04469

	

	 in Denton et al. 1984) with a volume substantially greater than
in the latest Quaternary glaciations. It has been widely specu-

M. L. PRENTICE

	

	 lated that eustatic sea-level fluctuations were the primary cause
of antarctic ice-volume changes (Hollin 1962; Thomas and

Department of Geological Sciences	 Bentley 1978; Stuiver et al. 1981). However, additional factors
Brown University	 such as changes in temperature and precipitation are probably

Providence, Rhode island 02912

	

	 important in driving the older, more massive ice budget
changes. It is important to understand in detail this history of

N. POTTER, JR.

	

	 antarctic ice dynamics, because it bears on the coeval history of
other climate-system components as well as on the long-term

Department of Geology	 mechanics of global climate.
Dickinson College	 To reconstruct and date overriding glaciations, we are exam-

Carlisle, Pennsylvania 17013	 ining strategic field areas along an overriding ice flowband in
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the dry valleys between the Quatermain Range and McKelvey
Valley. Field work in 1983-1984 in Beacon Valley (Potter), Taylor
Valley (Denton), the Asgard Range (Ackert), and the Olympus
Range (Prentice) confirmed northeastward overriding flow
across the topographic grain of the valleys and showed more
overriding events than previously reported (Denton et al. 1984).
Current field and laboratory research will characterize deposits
of overriding ice, explain their stratigraphy, and establish their
chronology by radiometric and fossil dates.

This project was supported by National Science Foundation
grant DPP 80-23717.
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Glaciogeophysical survey of the
interior Ross embayment (GSIRE):
Summary of 1983-1984 field work

C. R. BENTLEY, S. SHABTAIE, D. D. BLANKENSHIP,
and D. G. SCHULTZ

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

Upstream "B" camp was established at 83°31.2'S 138°05'W.
The main geophysical survey grid is shown on the sketch map
of the camp (figure 1).

Radar sounding. Nearly 200 kilometers of radar profiling along
and across the ice stream was completed using the 35 and 50
megahertz radar. Radar profiling revealed:
• Scattering due to buried crevasses is common.
• The bottom echo is strong, particularly beneath troughs in

the surface topography.
• The ice thickness is around 1 kilometer over a flat, smooth

bottom.
• A relatively weaker echo, 30-50 meters below the main echo,

appears almost everywhere in the survey area.
• Internal layers could be seen as deep as 500-600 meters in

some places and at least to 400 meters everywhere. They
show good continuity along the flow direction but appear
discontinuous with strong fading perpendicular to flow di-
rection. At many locations the internal reflectors are cut by
fault-like features that could be traced along the presumed
flow direction; these features may provide a useful tool for
delineating the flow lines.
One radar common-depth point reflection experiment was

carried out, and a total of ten polarization experiments were
made at six different sites across the ice stream. Many A-dis-
plays for amplitude studies on both internal and bottom echoes
were recorded. These data will be used for calculating the
change with depth of the reflection coefficient of the internal
layers, and for estimating bottom roughness. An echo-strength-
measuring instrument was built in Madison, Wisconsin and
was successfully tested in the field. However, the recording
system, which consisted of an oscilloscope and a Polaroid cam-
era, produced only a poor quality film record. A better os-
cilloscope along with an automatic motion picture camera will
be used in future work.

Electrical resistivity. Three profiles were made, two parallel
and one perpendicular to the flow direction. One of the two
parallel profiles was completed early in the season, and one
late. On each occasion temperatures in the upper 20 meters of
the ice sheet were recorded, so that it will be possible to calcu-
late the thermal activation energy of the firn. Firn densities in

the upper 21 meters also were determined for a 3-meter-deep
pit and a 21-meter deep hand-augered hole. Electrode contact
resistance was reduced at large electrode spacings (greater than
1 kilometer) to a few tenths of a megohm by means of brine
soaking, enhancing the signal-to-noise ratio by an order of
magnitude over previous experiments. As a result, it was possi-
ble to record successfully to electrode separations of 6 kilo-
meters. At large electrode separations the apparent resistivity
increased with increasing separation, a behavior that is indica-
tive of a layer of highly resistive ice in the deeper part of the ice
stream.

Temperature logging. Temperature measurements were made
in a 200-meter hole drilled by personnel of the University of
Nebraska Polar Ice Coring Office. Fifteen thermistors were

UPSTREAM "B" CAMP

MAG N

TRUE N
N

Figure 1. Sketch map of Upstream "B" camp indicating the
geophysical grid network. ("N" denotes north; "mag" denotes mag-
netic; "KM" denotes kilometer.)
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Figure 2. Locations of recording stations and shot holes used for
1983-1984 GSIRE seismic experiments. ("m" denotes meter; "km"
denotes kilometer.)

mounted on a cable that was lowered down the hole and frozen
in. Temperatures were measured four times during the season
at all depths to obtain a good cooling curve. At the end of the
season the cable was marked and covered for future use. In
addition, temperatures in the upper 20 meters were measured
every half-meter from 0-10 meters, and every meter from 10-20
meters. These measurements were made on three different
dates to document the movement of the winter cold wave.

Gravity and magnetics. Over 200 gravity and magnetic stations
were completed at 0.5-kilometer spacings in the survey area. In
conjunction with this work, a total of about 140 kilometers of
optical leveling was carried out. Maps of both total-field mag-
netic and gravity variations show predominantly linear trends
that suggest a relatively smoothly varying subglacial topogra-
phy and a uniform depth to magnetic basement. However, both
maps contain two anomalous regions that seem to correlate
fairly well with topographic features on the surface of the ice
stream (figure 2). A magnetic high and a gravity low are both
associated with a valley grid south of the camp which roughly
parallels the ice-stream margin. Gravity and magnetic highs are
also coincident with the terminus of a linguoidally shaped
surface feature near the upstream end of the grid. Further grav-
ity, magnetic, and other geophysical measurements will be
needed to determine whether these features are related.

Seismic studies. Approximately 300 high-resolution digital
seismograms were recorded at 35 separate recording stations.
(Figure 3 shows all but two long-refraction sites.) The seismic
experiments included one short-refraction station, 17 inter-
mediate-refraction stations (with coverage out to 6 kilometers),
20 common-midpoint reflection stations, 13 kilometers of wide-
angle reflection profiling at 16 stations, 7.5 kilometers of near-
vertical reflection profiling at 15 recording stations, and a re-
versed long-refraction profile, with shots at 7, 10, 13, and 18
kilometers along the forward profile and at 13 and 18 kilometers
along the reverse.

Whenever possible, all three components of seismic motion
were recorded to yield S-wave as well as P-wave information; S-
wave data are especially important if the ice crystals are

1 k
Figure 3. Surface topography of the area upstream from Upstream "B" camp, relative to an arbitrary datum. The contour interval is 4 meters.
Tick marks indicate downslope slide of contour. ("N" denotes north; "mag" denotes magnetic; "km" denotes kilometer.)

.
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anisotropically distributed about a nonvertical axis. Most ex-
periments, except the long-refraction shooting, were carried
out along three separate azimuths. Good receiver coverage on
the long-refraction profile made it possible to identify deeply
refracted secondary arrivals, at least two of which became first
arrivals at offsets greater than 13 kilometers.

Seismic field procedures were much more efficient than in
previous seasons because of the large dynamic range and broad
bandwidth of our new University-of-Wisconsin built digital re-

cording system. The new system was used for all seismic re-
cording; it performed to full specification the entire time with no
mechanical or electrical failures.

The field party comprised Shabtaie, Blankenship and
Schultz, and also J. Dallman,J.E. Nyquist, K. C. Taylor, and B.R.
Weertman.

This work was supported by National Science Foundation
grant DPP 81-20332. This is University of Wisconsin,
Geophysical and Polar Research Center contribution 424.

Ice stream dynamics

I. M. WHILLANS

Institute of Polar Studies
and

Department of Geology and Mineralogy
Ohio State University

Columbus, Ohio 43210

As the start of a study of the dynamics of the ice streams
draining from Marie Byrd Land into the Ross Ice Shelf, an Ohio
State University team visited the three sites shown in figure 1.
The ice streams are named "A," "B," "C," etc., from south to
north and they are quickly moving portions of the ice sheet
separated by more nearly stagnant ridges.

The first site is near the center of a straight section of Ice
Stream B that contains fewer crevasses than elsewhere on that
ice stream. According to Rose (1979), ice stream B is normal and
"healthy," and a principal objective is to determine how the
resistance to motion is manifest: by basal drag, by side drag, or
by pushes or pulls in the direction of flow. A strain grid (the left
side of figure 2) was established and it is to be remeasured next
year and interpreted along the lines taken by Whillans and
Johnsen (1983) to determine basal velocity- and drag-variations.
The grid runs parallel to the crevassing marginal to the ice
stream. We presume that the flow is parallel to these margins,
and we are surprised to find that the surface slope in the lower
portion of the grid is about 45° different from this presumed
flow direction (the left side of figure 2). Doppler satellite track-
ing was conducted at each end of the grid, and after repetition
next year, absolute velocities will be available.

The surface topography near our camp on ice stream B is
composed of undulations of wavelength about 30 kilometers (30
ice thicknesses) in the flow direction but only 5-10 kilometers
across flow. Such anisotropy may be associated with the sub-
glacial geology or with ice flow. We suspect that resistance to
flow is concentrated at isolated sticking points, and that the rest
of the ice stream may be freely sliding. This program, together

with the radio-echo sounding program of Sion Shabtaie (Ant-
arctic Journal, this issue) is designed to help address this issue.

Our second camp was on ice stream C. Airborne radar sound-
ing suggested that this area had heavily crevassed margins but
no crevasses were visible. Rose's (1979) interpretation of this is
that ice stream B has pirated the drainage of ice stream C so that
ice stream C slowed and crevasses are no longer forming.
However, relict crevasses now buried in the firn were probably
detected by radar.

Our program on ice stream C (figure 2B) is similar to that on
ice stream B. On ice stream C the surface undulations have
wavelengths on the order of 10 kilometers (ten ice thicknesses)
in both directions. The undulations on inland ice are usually
about three ice thicknesses (Budd and Carter 1971; Whillans
and Johnsen 1983; Whillans et al. 1984) so ice stream C seems to
be closer in flow character to ice stream B than to inland ice but it
is not yet clear how the flow may differ.

The third site is on Siple Dome, which is one of the less active
regions between ice streams. It is widely held that the west
antarctic ice sheet was much thicker 18,000 years ago than
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Figure 1. Location map. Ice flow is top to bottom into the Ross Ice
Shelf. Hatching represents crevassing as detected by airborne radar
by Jankowski and Drewry (1981). Triangles show campsites.
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today. If so, the region of the Siple Dome was overrun by inland
ice. Now, being a dome, it is a local center of outflow. Deep
drilling may one day be able to reach ice stranded in the Siple
Dome region when the ice sheet thinned. This relict ice could be
recognized by the total gas content and stable isotopic ratio
according to the interpretation offered for a possible similar
event in North Greenland (Raynaud and Whillans 1981).

The program at Siple Dome (figure 3) is designed to assess its
suitability for deep drilling. Satellite images lead to the inter-
pretation that the eastern side may have higher accumulation
rates (Zwally and Gloersen 1977) so emphasis was placed on

measuring the distribution of snow accumulation and on deter-
mining whether annual layers can be detected.

Other activities included measurement of firn temperatures
and impregnating firn samples with dimethyl phthalate for
shipment to Columbus for firn-structural analysis.

The field party was composed of Jeffrey DeFreest, Andrea
Donnellan, Michael Strobel, Patricia Vornberger, and Ian
Whillans. We enjoyed full and willing support from both the
civilian and naval elements of the U.S. Antarctic Research Pro-
gram. This work was supported by National Science Founda-
tion grant DPP 81-17235.

Figure 2. (Left) Strain grid on ice stream B. (Right) Strain grid on ice stream C. (Elevations are by barometric altimeter and are not yet tied to a
global datum. The small squares show sites of drilling for long-term accumulation rates.)
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Figure 3. Studies on the Siple Dome. Note that scale differs from that
for figure 2.

Preliminary results of Pine Island and
Thwaites Glaciers study

D. LINDSTROM

Department of Geological Sciences
University of Maine
Orono, Maine 04469

D. TYLER

Department of Civil Engineering
University of Maine
Orono, Maine 04469

It has been proposed (Hughes 1981) that the present absence
of ice shelves to buttress the Pine Island and Thwaites Glaciers
might trigger a series of chain reactions which will culminate in
the collapse of the west antarctic ice sheet. Kellogg, Kellogg,
and Anderson (1982) suggest that an ice shelf may have been
present in the area 1,000 years ago. Our study involves a ve-
locity and strain-rate analysis of these glaciers in hopes of deter-
mining their stability. Initially, we planned to obtain data for this
by comparing Landsat imagery of the region taken approx-
imately 10 years apart. Unfortunately, attempts at taking
needed imagery in the 1980's have been unsuccessful because
either cloud cover percentages have been too high, the satellite
has had malfunctions which produced distorted images, or
there has not been stable ground on the image to use as control.
We, therefore, had to obtain velocity data for the Pine Island
and Thwaites Glaciers and strain rates for Pine Island Glacier by
using inferior but necessary alternatives.
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We determined velocities on Pine Island Glacier by comput-
ing the change in position of crevasses which could be identi-
fied on Landsat imagery taken in 1973 and 1975 with respect to
stable control areas such as nunataks of the Hudson Mountains.
Image coordinate measurements were taken using a WILD
Stk-826 stereocomparator. Adjustments were made using an
affine transformation. The results are presented in figure 1. The
velocity at the terminus was calculated to be approximately 2.4
kilometers per year. This compares quite well with terminal
velocities of 2.1 and 2.2 kilometers per year determined by
Crabtree and Doake (1982) and Williams et al. (1982), respec-
tively, using the same data source.

We estimated velocities on Thwaites Glacier using Landsat
imagery taken in 1972 and 1983. The 1983 image has no stable
ground points from which average velocities can be determined
as was the case for the Pine Island image. However, two icebergs
caught in fast ice to the west of the glacier (lb and 2b of figure 2)
are separated by the same distance in both images. It seems
reasonable to assume, then, that icebergs caught in this fast ice
have the same movement. There is another iceberg (5a of figure
2) in this fast ice that can be identified on the 1972 image and the
U.S. Geological Survey Bakutis Coast-Marie Byrd Land map
based on 1965-1966 aerial photography. Because this image and
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the map have stable control (la-4a of figure 2), we were able to
determine the movement (and hence velocity) of this iceberg.
The coordinates of all points on both the 1972 and 1983 images
which are common to one another were measured on a mono-
comparator. Assuming that the velocities for all icebergs in the
fast ice are equal, the 1972 coordinates of points lb and 2b of
figure 2 were translated to the position they should have been at
when the 1983 image was taken. We then have two points which
can tie together common points of the 1972 and 1983 images for
velocity determinations. The velocity values and directions of
points 3b-35b are shown in figure 2. Their accuracy is limited to
the validity of the assumption that icebergs in the fast ice have
the same movement. Their values compare quite well with a
velocity of 3.6 kilometers per year computed by Robert J . Allen
of the U.S. Geological Survey (Hughes personal communica-
tion) based on a comparison of 1947 photography and the 1972
Landsat image.

We determined strain rates in several areas of Pine Island
Glacier by measuring the change in position of a set of three to
six crevasses with respect to one another which are present on
U.S. Navy aerial photography taken over the area in 1966 and
1967. The values were calculated using modified versions of
methods developed by Nye (1957 and 1959) Hughes (1974), and
Tyler (1976). Results obtained by all three methods are similar to
one another, and the Nye method values are plotted in terms of
principle strain rates in figure 1 and x-y strain rates in figure 3.
There are two major sources for possible inaccuracies of the
results. First, ground control is not present, so the photographs
are assumed to be truly vertical. Second, a flying height to
ground distance was measured only on every twenty-fifth
frame, so this distance between the two frames is assumed to
vary linearly. Despite these assumptions, the calculated strain
rate values agree quite well with rough strain rate estimates
calculated using the velocity measurements and a radio echo
cross section of the glacier in Crabtree and Doake (1982).

We are currently doing analytical work on the glacier using as
data the velocities and strain rates presented above and the
Crabtree and Doake (1982) profile with a modification of the last
20 kilometers as they suggested.

This work was supported in part by National Science Founda-
tion grant DPP 80-06503. T. Hughes has provided valuable help
and discussions for all aspects of the project. Special thanks are
due to information provided by Robert J. Allen and David
Humphrey for computer programming work relating to Pine
Island velocity determinations.
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Figure 1. Velocities and principal strain rates on Pine Island Glacier.
("km/a" denotes kilometers per year.)
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Figure 3. x-y strain rate components on Pine Island Glacier. ("yr"
denotes year; "km" denotes kilometer.)
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Downdraw of the Pine Island Bay
drainage basins of the west antarctic

ice sheet

D. LINDSTROM and T. J. HUGHES

Department of Geological Sciences
University of Maine
Orono, Maine 04469

Hughes (1981-a) proposed that ice draining through Pine
Island Glacier and Thwaites Glacier into Pine Island Bay is
lowering the drainage basins of these ice streams and that this
represents the initial stages of a chain reaction that could ul-
timately lead to collapse of the west antarctic ice sheet. Accord-
ing to Hughes' theory, collapse would begin when these lower-
ing ice drainage basins enlarge and neighboring ice drainage
basins, which supply ice streams across the west antarctic ice
divide, shrink. In particular, Hughes believed that the Pine
Island Glacier ice-drainage basin enlargement (and the con-
sequent Rutford Ice Stream ice drainage basin shrinkage) is in a
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Figure 1. Location map of drainage basins for Pine Island Glacier,
Thwaites Glacier, and Rutford Ice Stream, with ice elevation con-
tours in 0.1-kilometer intervals. Shown are calving fronts for
grounded ice (solid borders and floating ice (hatchured borders),
Ice-shelf grounding lines (dotted lines), ice-streams (crevassed
areas), limits of ice-stream drainage basins (dashed lines), ice sur-
face elevation contours (thin lines), and mountains (black areas).

Figure 2. Drainage basins for Pine Island Glacier, Thwaites Glacier,
and Ruttord ice Stream with surface precipitation isopleths in 10-
gram-per square-centimeter-per-year intervals. Numbers are pre-
cipitation measurements in grams per square centimeter per year at
sites along tractor train traverse routes, and circled numbers are
mean precipitation rates in grams per square centimeter per year
between isopleths and summed in the table. Data from Bull (1971).

late stage and that the Thwaites Glacier ice drainage basin en-
largement is in an early stage. There is now adequate data
roughly to test this idea.

Figures 1 and 2 show surface elevations and surface ac-
cumulation rates in the drainage basins of Pine Island Glacier,
Thwaites Glacier, and Rutford Ice Stream. Our borders for these
drainage basins differ somewhat from those obtained from sur-
face contours published by Scott Polar Research Institute
(Drewry 1983), but they are based on the same data sources.
Radio-echo data not available to us was also used to define the
drainage basins for Pine Island Glacier and Rutford Ice Stream
(Crabtree and Doake 1982). Surface accumulation rates are con-
toured at 10-gram-per-square-centimeter-per-year intervals
within these drainage basins, primarily from snow-pit stratigra-
phy along tractor-train traverse routes (Bull 1971). Contouring
at these intervals is not really justified by the data, but it does
give the best possible estimate of mass input. Extensive surface
crevassing on the ice streams themselves leads us to suspect
that katabatic winds reduce mass input to nearly zero or possi-
bly even cause ablation on these surfaces, as is the case for Byrd
Glacier.

The table lists the mass balance data we obtained for the
drainage basins of Pine Island Glacier, Thwaites Glacier, and
Rutford Ice Stream. We used ice thickness measurements and
grounding line positions obtained from radio-echo data
(Drewry 1980; Crabtree and Doake 1982; Stephenson and
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Doake 1982). Our mass input to Pine Island Glacier is 30 percent
less than that obtained by Crabtree and Doake (1982) from
essentially the same data. We regard this difference as an accu-
rate reflection of the uncertainties in measuring catchment areas
and accumulation rates.

We used surface velocity measurements obtained pho-
togrammetrically from Landsat imagery for Pine Island Glacier
and Thwaites Glacier (Lindstrom and Tyler, Antarctic Journal,
this issue), and from a surface survey for Rutford Ice Stream
(Stephenson and Doake 1982). Since these velocities were meas-
ured on the surface of floating ice, we assumed the velocities
were unchanged with depth. Ice-stream widths (where surface
velocities were measured) were the distances from one lateral
shear zones to the next observed on Landsat imagery; ice-
stream velocity between these shear zones was assumed to be
nearly constant, as is the case for Byrd Glacier (Brecher 1982).
An ice-stream density of 900 kilograms per cubic meter was
used to compute the mass flux being discharged. Basal mass
balance under the floating parts of these ice streams is unknown
and could be strongly positive (Budd, Corry, and Jacka 1982) or
negative (Robin 1979). We estimate that the mass flux dis-
charged will change by less than 5 percent due to a positive or
negative mass balance between the grounding lines and the
cross-sections where we measured the discharge mass flux.

We compute a positive mass balance of 40 x 1012 kilograms
per year for Pine Island Glacier, a positive mass balance of 4 x
1012 kilograms per year for Thwaites Glacier, and a negative
mass balance of 10 x 1012 kilograms per year for Rutford Ice
Stream. We attach an uncertainty of ± 7 x 10 11 kilograms per
year to these values.

Because there is a strongly positive mass balance for Pine
Island Glacier, we must ask whether or not the Hughes (1981-a)
proposal is valid. Hughes (1981-b) showed that an ice-stream
surge downdraws its drainage basin and this downdraw en-
larges the basin at the expense of neighboring ice-stream drain-
age basins. If a surge of Pine Island Glacier has downdrawn its
drainage basin, Pine Island Glacier should have captured part of
Rutford Ice Stream drainage basin leaving Rutford Ice Stream
with a negative mass balance. We indeed find this to be the case,
and we claim this to be indirect evidence that the surface of Pine
Island Glacier drainage basin has been lowering.

Direct evidence for surface lowering in conjunction with a
strongly positive mass balance has been reported for Shirase
Glacier drainage basin on Mizuho Plateau in East Antarctica
(Naruse 1979). Like Pine Island Glacier and Thwaites Glacier,
Shirase Glacier is moving at a surge velocity and calves into an
open embayment. Thwaites Glacier, which has the fastest ve-
locity and a mass balance closest to zero, would seem to be in an
early stage of surging before the effects of downdraw become
apparent. We are now modeling this possibility, with more data
and a better model than was used in the initial modeling inves-
tigation of the Pine Island Bay ice drainage system by Hughes,
Fastook, and Denton (1980).

This work was supported by National Science Foundation
grant DPP 80-06503.
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Summary of values used for mass balance calculations

Mass input-drainage basin	 Mass output-ice stream

Accumulation	Accumulation	input mass	Mean ice	Mean ice	ice-stream	Output mass
regiona	area 	fluxc	velocityc	thicknessd	width 	fluxc

Mass
balance°

Thwaites
Glacier

Pine island
Glacier

Rutford ice
Stream

	

0.1 x 1012	3.100
1.3 x 1012
2.3 x 1012

16.0 x 1012
8.5 x 1012

20.7 x 1012

48.9 x 1012

	

0.2 x 1012	0.712
0.6 x 1012

1.5 x 1012

12.6 x 1012

11.4 x 1012
27.9 x 1012
8.2 x 1012
3.5 x 1012

65.9 x 1012

	

1.9 x 1012	0.400
2.3 x 1012
2.8 x 1012
7.0 x 1012

	

0.325	49.0	44.4 x 10 12	+ 4 x 1012

	

1.564
	

26.2
	

25.5 x 1012	+40 x 1012

	

1.860
	

26.0
	

17.4 x 1012	-10 x 1012

5
	

2,165
15
	

8,659
17
	

13,530
25
	

63,862
35
	

24,354
45
	

46,002
158,572

5
	

3,788
15
	

4,059
17
	

8,930
25
	

50,602
35
	

32,472
45
	

61,967
55
	

14,883
65
	

5,412
182,113

17
	

11,365
25
	

9,200
35
	

8,118
28,683

a In grams per square centimeter per year.
b in square kilometers.
c In kilometers per year.
din kilometers.
"Totals.
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Hot-water drilling on the Siple Coast
and ice core drilling at Siple and

South Pole Stations

K. C. KUIVINEN and B. R. KOCI

Polar Ice Coring Office
University of Nebraska

Lincoln, Nebraska 68588-0200

The Polar Ice Coring Office (Pico) used a new hot-water drill
and a new 200-meter winch and electromechanical coring drill
at three antarctic locations during the 1983-1984 field season.
Hot-water drilling of shot holes for the University of Wisconsin-
Madison seismic program was conducted at Upstream B
(83°31.2'S 138°05'W) on the Siple Coast. PICO collaborated with
the Physics Institute, University of Bern, Switzerland, in two
drilling and core processing projects: (1) a 201-meter ice core
was collected at Siple Station for analysis by the University of
Bern group and (2) at South Pole Station, a core was drilled from
230 to 353.5 meters in a hole left open after the 1982-1983
season.

In early November, a team of three drillers (Jay Arneson, Bill
Boller, and Bruce Koci) invaded the Upstream B camp on the
Siple Coast to drill an array of seismic holes for University of
Wisconsin (at Madison) (Bently et al., Antarctic Journal, this
issue) and to drill a deep hole to test the feasibility of using hot-
water drills to place thermistor strings and other scientific in-
struments to various depths on the ice.

Two 80-kilowatt oil-fired burners were used to generate water
from snow on the surface and to heat the water to 90°C for
drilling 8-centimeter diameter holes. An array of 17 holes, each
to a depth of 23 meters, was completed in 1 working day. Hole
depth was limited to 23 meters since water pooled at this depth
and there was no way to place the explosive charges before
refreezing occurred.

The water required to drill each shot hole was in the 150-
gallon range. All drilling apparatus and water tanks were
moved between sites by two Alpine skidoos without problem.
The simplicity and lack of drilling problems suggest that inves-

tigating organizations could drill their own shot holes in the
future.

The deep-drilling challenge was handled by using four 80-
kilowatt heaters, two of which were used to generate water on
the surface and two to heat the water while drilling. Tanks
similar to fuel bladders with a hole in the top proved very
satisfactory for water storage. Tank capacities were 500 and
1,000 gallons.

The drill hose was a standard 2-centimeter interior-diameter,
reinforced hose surrounded by 20 pairs of #24 wire and jack-
eted with a Kevlar-strength member. Performance of this hose
proved satisfactory. The flow rate was 30 liters per minute at a
temperature of 90°C. A thermal gradient of 12°C per 100 meters
was observed between the heater outlet and the nozzle during
drilling operations. The drill hose with thermistors attached was
left down hole.

All the thermistors in the string survived the freezing-in
process and a temperature profile will be forthcoming.

From mid-November through early December a four-person
team from rico and the University of Bern drilled, logged, and
packaged a 201-meter ice core from Siple Station. The team
consisted of Karl Kuivinen and John Litwak from rico and
Henry Rufli and Jakob Schwander from the Physics Institute,
University of Bern, Switzerland.

Drilling and core processing took place in a trench excavated
by tractor to 3 meters wide by 3 meters deep by 12 meters long.
The trench was roofed with 4-by-4-inch timbers and 1/2-inch
plywood sheets to provide protection against wind, blowing
snow, and heating by solar radiation of the drill and core pro-
cessing equipment—all problems that had hampered a drilling
project at Siple during the 1978-1979 season.

The rico electromechanical drill and 200-meter winch system
(Koci in press) was used to collect 10-centimeter diameter core
in a total of 12 days of operation. Core quality was excellent
down to a depth of 144 meters but deteriorated beyond that
depth. Drilling reached a depth of 201 meters.

The ice core was flown to South Pole Station for processing,
sampling, and packaging for retrograde to Switzerland
(Stauffer and Schwander Antarctic Journal, this issue).

At South Pole Station both drilling teams combined efforts to
continue core drilling and processing of core from 230 meters to
353.5 meters below the surface in a hole drilled to 230 meters in
the 1982-1983 season (Kuivinen 1983).
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The ice at the South Pole was known to be hard and brittle
after the 201-meter hole drilled in 1981 with C. Holdsworth's
drill (Kuivinen et al 1982). During the 1982-1983 season, an
attempt to drill core to 500 meters was unsuccessful because our
drill bits could not be accurately adjusted and to an inability to
generate the chips coarse enough for transport away from the
drill head.

Using information gathered in 1982-1983 through use of
Swiss and iico drilling heads, we proceeded to design and
build modified heads for drilling in 1983-1984.

The ice at South Pole is - 52°C, much colder than ice normally
cored by electromechanical means. As a result, most tool steels
are either too brittle or not hard enough. The use of die steels
noted for their toughness and resistance to wear appears to
have solved the problem.

Another modification was to make the front of the bits with a
cutting angle of 50°, rather than the 45° angle usually used for
coring in warmer ice. The 45° cutters would not dig into the ice
and at best generated very fine chips with little penetration. The
50° cutters with a 15° clearance angle succeeded in generating
the coarse chips required for chip transport up the barrel, while
not inflicting too much damage on the core during drilling.

Additionally, efforts were made to improve core quality by
minimizing the clearance between the rotating inner core barrel
and stationary outer barrel, by maintaining concentricity of the
head and bits to within 0.1 millimeters in roundness and 0.1
millimeters in cutting surface flatness. The use of heads and bits
with a 55° angle made by H. Rufli further improved the core
quality, but it was still far from excellent.

Drilling progress was at a rate of 12-15 meters per 8-hour
work day in the interval of 300-350 meters depth.

At the end of the field season, the Pico hot-water drill was
loaned to French glaciologists at South Pole Station who made
unsuccessful attempts to recover a sampling instrument stuck
at a depth of 190 meters.

The Polar Ice Coring Office is supported by National Science
Foundation grant DPP 83-18538.
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Core processing and first analysis of
ice cores from Siple and South Pole

Stations

B. STAUFFER and J. SCHWANDER

University of Bern
Bern, Switzerland

Analysis of ice cores from the Antarctic allows us to study the
history of climatic parameters such as temperature, annual ac-
cumulation, and atmospheric composition. The main goal of
our laboratory analysis of these ice cores is to investigate the
preindustrial atmospheric carbon dioxide concentration and its
natural variations and to measure the carbon-13/carbon-12 ratio
in the preindustrial carbon dioxide and in other atmospheric
trace gases such as methane. The cores drilled during 1983-1984
field season at the south Pole will be analyzed during the com-
ing year. Several analyses have been made, however, on such
cores drilled in the previous field seasons:
• The analysis of the carbon dioxide concentration of air ex-

tracted from ice cores indicates that the preindustrial at-
mospheric carbon dioxide concentration was about 280 parts
per million by volume as compared to present levels of about
340 parts per million. There is some evidence that this value is

more accurate (Moor and Stauffer in press) than the lower
value reported earlier by a laboratory in Grenoble and by our
laboratory (Barnola et al. 1983).

• We also measured the carbon-13/carbon-12 ratios of carbon
dioxide and of the methane concentration. These results are
still preliminary and will be reported later.
During the 1983-1984 field season, we had the opportunity to

collaborate with the Polar Ice Coring Office of the University of
Nebraska in two core-drilling and core-processing projects, one
at Siple Station where there is a high snow accumulation (50
centimeters, water equivalent) and one at South Pole Station
where there is a low annual accumulation (7 centimeters, water
equivalent). Ice cores from locations with high annual ac-
cumulation rates allow us to study climatic parameters in great
detail, because layers of precipation are large. Core drillings at
locations with low annual accumulations, on the other hand,
allow us to recover ice from an earlier epoch at a shallower
depth.

Drilling at Siple Station reached a depth of 201 meters, and
core quality is excellent down to a depth of 144 meters. (See
Kuivinen, Antarctic Journal, this issue, for details about the
drilling.) After recovery, the ice cores were flown to South Pole
Station for processing and packing (Stauffer and Schwander
1983). They were split in half, the electrical conductivity was
measured (Hammer 1980), and the visual stratigraphy was re-
corded on video tape. On 250 samples porosity measurements
were made.

In the laboratory analysis of the core from Siple Station our
primary goal is to investigate the anthropogenically caused
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increase of the atmospheric carbon dioxide concentration. The
ice core arrived in our laboratory at the end of May 1984 and will
be analyzed within the next year. Therefore, only results from
the field measurements can be reported:
• The signal of the electrical conductivity measurements shows

clearly visible seasonal variations, which allow us to date the
layers of ice with an accuracy of about 3 years.

• Ice at a depth of 144 meters fell as precipitation in about 1753.
• The signals from volcanic eruptions are not very

pronounced.
• Fascinating results were obtained by measuring the density

and porosity on 250 firn and ice samples. They show that air
gets enclosed in the depth interval where the density in-
creases from 0.80 megagrams per cubic meter to 0.84 mega-
grams per cubic meter. (See figure 1.)

• The detailed analysis shows that the air enclosure occurs at
different depths for summer and for winter precipitation
(Schwander and Stauffer 1984).
The South Pole Station core, drilled from a depth of

230.0-353.5 meters, was held for 24 hours after recovery before
processing to allow the ice to reach the same temperature as the
processing trench (— 25°C). Trench analysis of the South Pole
Station core employed the same techniques as those used on the
Siple Station core:
• A 5-millimeter thick layer was cut away from the core with a

bandsaw, and the electrical conductivity was measured on
the fresh, polished surface. A clearly visible dust layer was
observed at a depth of 303.43-303.45 meters below the sur-
face, but the electrical conductivity at this interval was no
greater than that of other depths. The electrical conductivity
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Figure 1: Bulk density and bubble volume versus depth at Siple
Station. Each point represents a 1-meter average. ( 11 cm3lkg" denotes
cubic centimeter per kilogram; "Mg/m3" denotes megagram per
cubic meter.)
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Figure 2: Number of crystal boundary intercepts per 2-centimeter
length along a core section of 30 centimeter length from 306 meters
depth below surface from the South Pole. The line connects mean
values (10-values running means). ("cm" denotes centimeter.)

results of the whole core are incomplete because there were
many breaks and missing pieces.

• The visual stratigraphy was recorded on graph paper and on
video tape.

• Several thin sections from a depth of 306 meters were pre-
pared for crystal-size analysis. (See figure 2). Even at this
depth, variations (which are probably seasonal in nature) of
crystal sizes are found; these variations are similar to those
found at the 106-meter depth (Stauffer 1982). There is no
evidence that the amplitudes of the variations decrease or
increase with depth.
We thank the principal investigator of the project, Hans

Oeschger, and our colleagues in the field, Will Bernhard and
Henry Rufli. We also thank the Polar Ice Coring Office for the
good collaboration. The field operation and the preparation for
it was supported by the National Science Foundation grant DPP
83-12630 to H. Oeschger. The laboratory work is supported
primarily by the Swiss National Science Foundation and the
U.S. Department of Energy.
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French glaciological activities at the
South Pole

E GILLET and M. LEGRAND

Laboratoire de Glaciologie et Geophysique de l'Environnement
Saint Martin d'Hères Cedex-France

Deep drilling tests. During recent years, most of the French
glaciological activities in Antarctica have been made at Dome C.
The work accomplished included particular shallow sampling
and coring down to a depth of 905 meters. Studies of the
samples made it possible to reconstruct recent and long-term
(up to 30,000 years old) changes of the Earth's atmospheric
environment (climate, aerosols, and atmospheric composition)
and to evaluate the importance of global volcanic activity and
pollution.

Because the ultimate aim is to drill deep enought to study
climate changes over the last climatic (125,000-year) cycle, we
found that it was necessary for us to develop a new piece of
deep-drilling equipment. Previously, we had not been able to
drill deeper than 905 meters without using a drilling fluid be-
cause below 905 meters the hole closed as we drilled.

Deep-core drilling equipment is heavy, expensive, and needs
a lot of logistical support (the main part being the drilling fluid:
about 50,000 liters for 3,000 meters). So, in a first stage, we
developed a small diameter melting probe which recovers water
instead of ice. The analysis of the stable isotope content of this
water gives valuable information about climate in the past and
the temperature profile of the ice sheet can be obtained when
the drilling operation is completed. The probe, called "cli-
matopic" (Gillet et al. 1982) was tested during the 1981-1982
field season to Dome C. Because of some defects, it was not
possible to go deeper than 235 meters. We made some modifica-
tions to the probe, and we used it this field season at the South
Pole.

The 8-person team arrived at the South Pole around 15
November 1983 with 15,000 kilograms of equipment. We drilled
through the firn to a depth of 127 meters with an elec-
tromechanical drill and recovered good cores. We then put a
polyethylene casing in the hole. A first series of tests was made
with the thermal drill to a depth of 201 meters. When we
measured the diameter of the hole, we found bottlenecks ap-
peared in some places, so we decided to ream the hole with a
small electromechanical drill. (This drill also allowed us to re-
cover 50-centimeter length cores from time to time.) During this
reaming, the drill became unscrewed, fell down, and was im-
possible to retrieve.

The platform was moved on a few meters and we drilled a
new hole, recovering solid cores to a depth of 143 meters. A new
casing was put down and on 30 December, we started to drill
with "climatopic" again. With the experience gained in the first
hole, we had good results to a depth of 213 meters. Deeper, we
had some problems when we started the circulation of water at
the beginning of each run; we decided that this was probably

because with the increasing depth, the height of fluid in the hole
was more important (50-70 meters instead of 30 meters). The
time spent in the very cold fluid increased, cooling the drill in a
more significant way and probably making it more difficult to
start water circulation. We lost some time making some modi-
fications to the drill to get better results.

On 16 January at 330 meters we had some difficulties with the
measuring circuits. The repair lasted 3 days. When we drilled
again, during the second run, we suddenly got stuck at 336
meters. The information given by the measuring devices
seemed at the time to be correct but they were probably wrong
(and this could explain why the drill got stuck).

For a few days, we tried without success to recover the drill
using alcohol. The cable has been left in the hole with the tower
erected, and we will have to come back later to recover the cable
and the main part of the equipment.

Because we could not drill deeper than 336 meters, this drill-
ing operation was not a success. Nevertheless, the work per-
formed during this field season shows that with minor improve-
ments, this "climatopic" thermal probe, it is hoped, would be an
efficient piece of deep-drilling equipment. We determined that
runs of about 5 meters can be obtained and at 300-meter depth;
the overall time needed for each run is 2 hours. These figures
lead us to believe that a deep drilling could eventually be possi-
ble during a summer season with this equipment.

Ice-core studies. Stratigraphy (visual), density measurement,
and continuous sampling for isotope studies (4,200 samples)
have been made along the 127-meter ice core. One hundred thin
sections of snow and ice collected between 40 and 123 meters
deep are used for crystal-size studies.

Continuous electrical conductivity measurements performed
along the core indicate four high levels (100 percent over the
background level) spanning 20 to 40 centimeters of ice over the
1,000 years covered by this core. The more recent peak, found at
29-meter depth should correspond to the Tambora eruption of
1815.

Although the volcano identification needs further chemical
and microscopy studies, this peak may be used as a chro-
nological horizon as it was found on seven other cores drilled
(30 meters deep) in a 10-kilometer radius around the Station at
depths ranging between 22 and 29 meters; this scattering re-
flects the geographical variability of the accumulation rate in the
area.

Shallow pits and cores were also sampled for complementary
studies (beta radioactivity profiles, heavy metals content, elec-
tron microscopy, and glaciochemistry studies for the last 1,000
years).

Acknowledgments. This work was supported by Terres Aus-
trales et Antarctiques Francaises Centre National de la Re-
cherche Scientifique and the Division of Polar Programs of the
National Science Foundation. We also acknowledge useful help
from the Polar Ice Coring Office of the University of Nebraska.
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Oxygen isotope studies at the South
Pole

P. M. GR0OTES and M. STUIVER

Quaternary Isotope Laboratory
University of Washington
Seattle, Washington 98195

Measurements of the deuterium and/or oxygen-18 content of
long ice cores have provided valuable information on the cli-
mate of the past 100,000 years (Dansgaard et al. 1971; Johnsen et
al. 1972; Lorius et al. 1979; Dansgaard et al. 1982). Yet data from
additional cores are needed to make a better assessment of the
contributions of local effects versus those of climate to the
isotope record obtained.

The South Pole is an attractive location for drilling, because
there firnification and the relationship between the isotopic
composition of the snow and seasonal temperature have been
extensively studied (Epstein, Sharp and Cow 1965; Cow 1965;
Picciotto, Deutsch, and Aldaz 1966; Aldaz and Deutsch 1967;
Jouzel et al. 1983), and the presence of Amundsen-Scott South
Pole Station provides good support. We here report recent
isotopic oxygen (6180)* results obtained on South Pole samples
in the Quaternary Isotope Laboratory.

During November and December 1982 field parties from
Ohio State University (osu), the University of Bern,
Switzerland, and the University of Washington (uw) worked
with personnel of the Polar Ice Coring Office (Pico) at the South
Pole to obtain a core from 106- to 227-meter depth and to sample
this core and the overlying 103-meter core, obtained from the
same hole in 1980, for 8 110, microparticles, trapped gases and
electrical conductivity (Kuivinen 1981, 1983; Mosley-Thompson
and Thompson 1983; Stauffer and Schwander 1983). During this
period, several snow pits were studied and sampled by the osu
field party. Figure la shows the 180/depth profile from the C-
wall of pit I located 4 kilometers from the station along 128°
Eastern longitude (Mosley-Thompson, Kruss, and Bain 1983).
Figures lb and ic are 8180 profiles from pits at a distance from
the station of 1 kilometer along 110° and about 3 kilometers
along 130° eastern longitude, that were sampled by osu field
parties going to Dome C in November 1979 and coming from
Dome C in late February 1979 respectively (Bolzan personal
communication; Bolzan, Palais, and Whillans, 1979). Both the
average 8180 of the different profiles (a. -51.23 parts per thou-
sand; b. -52.66 parts per thousand; c. -51.07 parts per thousand)
and the minimum and maximum values (a. -42.34/-55.84 parts
per thousand; b. -44.58/-56.46 parts per thousand; c.
-42.86/-55.65 parts per thousand) are similar to the values re-
ported earlier by Epstein, Sharp, and Cow (1965), Picciotto,
Deutsch, and Aldaz (1966), and Jouzel et al. (1983). A detailed
comparison of the profiles a, b, and c and of these with the 6D
profile of Jouzel et al. (1983) covering the same period shows
significant differences. This is caused by the irregular snow
deposition in which some area's may not accumulate any snow

* 180 is the relative deviation in oxygen-18 concentration of a sample
from Vienna Standard Mean Ocean Water (v-sMow) expressed in parts
per thousand- %).

during a particular year (Cow 1965). An estimated 1 out of every
10 years may be missing (J. R. Petit quoted in Mosley-Thompson
and Thompson, 1982). It should be noted here that in the 180

profile an annual cycle may be lost, even though snow was
accumulated during the year, when the distinctive, isotopically
heavy summer accumulation is (partially) missing. Partial pre-
servation of summer snow gives summer maxima more as
humps than as distinctive peaks (Jouzel etal. 1983). The result is
that isotope/depth profiles from the same general area can be
visually quite different. Discrepancies between isotopic profiles
are also evident in the five pits compared by Picciotto, Deutsch,
and Aldaz (1966). For climate reconstruction or correlations on a
yearly basis several isotope profiles have to be available that are
independently dated using stratigraphic or other means.
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Figure 1. Oxygen isotopic composition (6180) [expressed as relative
deviation from the international Atomic Energy Agency, Vienna
Standard Mean Ocean Water (v-sMow), in parts per thousand—%4 of
snow, as a function of depth in three snow pits near the South Pole.
A. 4 kilometers (direction 128 0E) from South Pole Station,
November-December 1982. B. 1 kilometer (direction 110 0E) from
South Pole Station, November 1979. C. about 3 kilometers (direction
1300E) from South Pole Station, January 1979. (Profiles B and C were
shifted to match the surface with its probable position in A. "m"
denotes meter.)
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Figure la shows four summer peaks with snow significantly
heavier than the rest of the profile. The records of monthly
average temperature at Amundsen-Scott South Pole Station
show above average temperatures for December 1957 through
February 1958, November 1966 through January 1967,
November 1971 through February 1972, November 1976
through January 1977, and November 1980 through February
1981 (Amundsen-Scott South Pole Station climatological data
summary). Counting from the December 1982 surface at the top
correlates the isotopically heavy snow at 50- to 60-centimeter
depth with the warm 1980-1981 summer, and makes it likely
that the peaks at 150-centimeter and at 250-centimeter depth
contain the 1976-1977 and 1971-1972 summer snow respec-
tively. The uncertainty in ascribing the two peaks is caused by
the 8 110 profile between 50- and 100-centimeter depth. The
detailed microparticle and stratigraphic study of Mosley-
Thompson at osu may confirm our conclusion. It is interesting
to note here that years with above average summer tem-
peratures at the South Pole are, with the exception of 1980-1981,
associated with strong El Nino/Southern Oscillation events
over the Pacific Ocean. This deserves further study.

The 1982 profile contains 12 annual layers if we accept the
correlation of the less negative isotope peaks with the warm
summers. These annual layers give a snow accumulation of 23.8
± 6.5 centimeters per year. The pit study of Jouzel et al. (1983)
showed a density of 0.35 grams per cubic centimeter at the
surface increasing to 0.41 grams per cubic centimeter at 3-meter
depth. To estimate the accumulation in water equivalent we
assume the same density profile for the 1982 snow pit and
approximate the change in density with depth by a linear rela-
tion. This gives 8.9± 2.5 grams per square centimeter for the
annual accumulation and an uncertainty of ± 0.7 grams per
square centimeter for the average. This is in good agreement
with the 8.74 grams per year of Mosley-Thompson and
Thompson (1982) for the period 1974-1955 and with the 8.5
grams per year for the period 1978-1930 of Jouzel et al. (1983).

Figure lb and ic do not show the above clear correlation with
summer temperature. This may be due to the irregular deposi-
tion and partial preservation discussed above. The 8180 maxima
and minima are less well defined due to the larger sample
interval (4 centimeters compared with 2 centimeters in la). The
818  results from these three pits confirm the earlier work that
the snow deposited at the South Pole shows a clear annual cycle
in its oxygen isotopic composition that can be preserved during
the initial stages of firnification. Yet the low average accumula-
tion results occasionally in partially or completely missing years
so the correlation between 180/depth profiles on an annual
basis will be poor. The analysis of the two long South Pole cores
[226.7 meters from 1980 and 1982, described above, and 202.4
meters from a nearby hole in 1981-1982 (Kuivinen et al. 1982)]
that are currently being studied in our laboratory is therefore
directed toward 8180 fluctuations on a time scale of decades or
longer.

Figure 2 shows results for the 226.7-meter core. Samples were
cut as thin, 25-centimeter long strips parallel to the core axis. A
three-point moving average is used to reduce the noise intro-
duced by the large annual 8 110 cycle. A discussion of this profile
and its correlation with the adjacent 1981-1982 core will be
published elsewhere.

This work was supported by the National Science Foundation
grant DPP 80-19756. E. Mosley-Thompson and I.M. Whillans,
Ohio State University, kindly supplied samples of their pit
studies for oxygen isotope analysis.
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Figure 2. Oxygen isotope composition (6180) [expressed as relative
deviation from the International Atomic Energy Agency, Vienna
Standard Mean Ocean Water (v-sMow), in parts per thousand -%0] as
a function of depth in a 226.7-meter ice core from the South Pole
(900S). Samples cover 25-centimeter depth intervals. A three-point
moving average is used to suppress noise caused by the annual
cycle. ("m" denotes meter.)
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Vostok tephra-An important englacial
stratigraphic marker?

P. R. KYLE
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Socorro, New Mexico 87801
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Ohio State University

Columbus, Ohio 43210

E. THOMAS

Department of Geology
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Tephra (volanic ash) layers, if they are widespread, have the
potential to provide important stratigraphic markers in ice
cores. If the source of the tephra can be identified and an age
assigned to the eruption, then the tephra layer can also provide
a valuable time plane (Kyle, Palais, and Delmas 1982). Hammer
(1980) and Hammer, Clausen, and Dansgaard (1981) have dem-
onstrated the value of tephra in ice cores from Greenland. Using
surface conductivity measurements they located volcanic-
derived acid layers, which were in some cases correlated with
known eruptions. Such work has not been conducted on ant-
arctic ice cores and most tephra layers are located either by (1)
visual inspection (Gow and Williamson 1971), (2) detailed
chemical analyses of the ice (Delmas and Boutron 1980), or (3)
continuous microparticle measurements (Mosley-Thompson
1980). We have been examining visible volcanic layers from
several antarctic ice cores. The objectives being to determine the
source of the eruptions, evaluate possible climatic impact of the
eruptions and to establish the volcanic record for the Southern
Hemisphere.

A 0.05-meter thick tephra layer was discovered in the bottom
of a 101-meter long ice core drilled at Vostok Station in De-
cember 1979 (Parker, Zeller, and Gow 1982). An age of 3,300
years was assigned to the tephra based on snow accumulation
rates and the ice stratigraphy. The layer was informally called
the Vostok tephra by Kyle et al. (1982). We have examined the
Vostok tephra in more detail and have identified the source of
the eruption. The ice associated with the tephra layer has con-
centrations of sulphate which exceed 550 milligrams per liter.
This is an exceedingly high value and suggests the eruption

responsible for the tephra was large and had a significant aero-
sol (H2SO4) component. The tephra is composed of glass shards
and rounded cryptocrystalline lithic material. Petrographic and
scanning electron microscope measurements show the grains
to range up to about 40 micrometers in length. The mean grain
size is between 15 and 30 micrometers.

Semi-quantitative and quantitative analyses of the glass
shards have been made using an energy-dispersive analyzer on
a scanning electron microscope and by electron microprobe.
Analyses are listed in the table. The Vostok tephra is andesitic
and characterized by high iron concentrations. Enrichment of
iron is a characteristic feature of tholeiitic suites.

Taking the prevailing wind directions into account, three
major sources for the Vostok tephra can be considered: the
South Sandwich Islands, the South Shetland Islands, and the
Southern Andes. Fortunately, the three provinces are easily
distinguished, and we suggest the South Sandwich Islands is
the source area. The Southern Andes volcanoes are calc-al-
kaline andesites and although only a few analyses are available
they have lower iron contents than the Vostok tephra (Katsui
1982). The South Shetland Islands have a much higher total
alkali content than the South Sandwich (Baker 1968; Gonzalez-
Ferran 1982). Based on the available analyses of the South Sand-

Analyses of the Vostok tephra

Compound Electron microprobe Energy dispersive Wet chemical
analysisa	analysis'	analysisc

Si02	60.56 (0. 42)d	59.73 (1.79) d	60.90
Ti02	0.74 (0.07)	0.90 (0.16)	0.95
Al203	14.92 (0.82)	14.84 (0.66)	14.80
FeOe	9.15 (0.57)	10.25 (1.23)	8.34
MnO	 0.23 (0.04)	0.15 (0.12)	0.11

MgO	 2.39 (0.34)	2.44 (0.48)	2.35
CaO	 6.72 (0.26)	6.64 (0.76)	6.09
Na20	3.31 (0.38)	4.46 (0.57)	3.67
K20	 0.44 (0.05)	0.63 (0.19)	0.39

-f	 -f

Total	98.46	 100.04	 97.72

Number of	9	 37
analyses

Los Alamos National Laboratory (Analyst: J. Palais).
Using a scanning microscope, Arizona State University (Analyst: E.

Thomas).
Aphyric andesite, Cauldron Lake lava flow, northern Candelmas Island

(Tomblin 1979).
d One standard deviation.

Total iron as ferrous oxide.
Not analyzed.
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wich Islands (Baker 1978), we find that an aphyric andesite from
northern Candlemas Island is almost identical to the Vostok
tephra (table). Lavas from Candlemas Island are exceptionally
low in potash (K20) (Tomblin 1979), a characteristic feature of
the Vostok tephra. All available data at this time strongly sug-
gest that the South Sandwich Islands-and in particular Can-
dlemas Island-is the source of the Vostok tephra.

Vostok Station is over 4,000 kilometers in a direct line from
Candlemas Island, and yet the Vostok tephra is clearly visible
and 0.05 meter thick. It is highly prob able that the Vostok tephra
is widespread over the east antarctic ice sheet, and has the
potential to act as an important stratigraphic marker horizon.

We wish to thank Crank Heikan and the Los Alamos National
Laboratory for their assistance. This work is supported by Na-
tional Science Foundation grant DPP 80-21402.
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Thermomechanical behavior of large
ice masses

D. A. YUEN and M. R. SAARI

Department of Geology
Arizona State University

Tempe, Arizona 85287

C. SCHUBERT

Department of Earth and Space Sciences
University of California

Los Angeles, California 90024

The simulation of the thermomechanical structure of large ice
sheets is complicated by the coupling between the temperature
and the deformation due to the strong temperature-depend-
ence of ice rheology. We have proposed (Yuen and Schubert
1979; Schubert and Yuen 1982) that instabilities may arise from
viscous dissipation, leading to basal melting and foundering of
the antarctic ice sheets. We have continued our work on this
problem by developing: (1) a faster way of obtaining one-di-
mensional steady-state velocity and temperature profiles of
large ice masses, (2) a numerical code that can be used to

monitor the time history of shear heating instabilities of ice
flows, and (3) an essentially analytical model to account for the
role played by the thinning of the ice sheet in glacial surges. In
the course of constructing steady-state profiles, we have found
a new class of solutions associated with large accumulation
rates. The character of the new solutions arises physically from
a thermal blanketing effect produced by advection of cold mate-
rial toward the base of the ice sheet. For representative values of
ice rheological parameters and typical surface conditions, the
new solutions are obtained whenever the accumulation rate
exceeds a few tenths of a meter per year. This solution branch is
characterized by its relative stability to finite-amplitude pertur-
bations. For accumulation rates smaller than a few tenths of a
meter per year, the solutions are unstable to finite-amplitude
perturbations. Because accumulation rates are on the order of
0.1 meter per year, it is important to delineate better the bound-
ary separating these two families of solutions.

This research was supported by National Science Foundation
grant DPP 82-15015.
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Dating antarctic ice by the carbon-14
and uranium-238 series methods

E. L. FIREMAN

Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

During the past year our work focused on dating antarctic ice
by the carbon-14 ( 14C) and uranium-238 ( 238U) series methods.
Because of the small amounts of carbon dioxide (CO 2) and of
238w with its decay products in most ice samples, sensitive
methods with low backgrounds are being developed.

For 14C, we extract the air from 10-20-kilogram ice samples by
helium-purging the melt, separate the CO2 from the air, and
count the 14C in the CO2 with low-level mini-counters. The 14C in
a number of CO2 samples extracted from antarctic ice has been
counted in this way (Fireman and Norris 1982-a) with limited
accuracy (plus or minus 1,500 years) and limited range (10,000
to 15,000 years). We are now doing accelerator work in collab-
oration with the University of Arizona National Accelerator
Group aiming to remeasure the 14C in these CO2 samples with
higher precision.

In 14C studies of antarctic ice samples, variable amounts of
radon-222 (2 Rn) (3.8-day half-life), which correlated with the
amounts of dust in the ice, were observed (Fireman and Norris
1982-b). Since 222Rn is the daughter of radium-226 ( 226Ra), the
end member of the 21U(a) ---> thorium-234 (2 Th) (3, I3)— 2U((X)

230Th((x) __>
 226 R chain, we are investigating 238U series dating

of ice. We are measuring the concentrations of 226 R (1,720-year
half-life), 230Th (75 x 103 years), 234U (250 x 103 years), 238U (4.5
X 109 years), and 232 T (1.39 x 10 0 years) dissolved in dusty

and clean ice samples from Allan Hills and in near-bottom Byrd
core samples.

The idea behind 238U-series dating of ice with fine volcanic
glass shards is that a percentage of the 238U and its daughters
decay into nuclei that recoil into the ice. If the ice is carefully
melted and filtered, these recoil nuclei are separated from the
shards and are useful for dating. The ratio of 226Ra/230Th (re-
coiled into ice) gives the time that the shards were incorporated
in the ice as does the ratio of 230ThI 2 U (recoiled into ice). This
time is when the snow with the shards compressed into ice.
Adjacent ice with no shards gives the amounts of these nuclei
dissolved in the original precipitation.

W.A. Cassidy collected for our study a 20-kilogram ice sample
from 50- to 100-centimeter depth at the Cul de Sac site of Allan
Hills, which contained visible dust layers. The dust, which was
composed of fine volcanic glass shards (approximately 10
centimeter size), had a maximum concentration of approx-
imately 0.3 grams per kilogram ice. The clean sections of this ice
sample had approximately an order of magnitude less dust. A
1.00-kilogram piece of ice with the dust layers and a 1.00-
kilogram piece without the dust layers were removed from the
Cul de Sac sample for preliminary U-series dating. We also
obtained from C. Langway a 0.80-kilogram Byrd core sample
from 1 meter above bedrock (2,190 meters below the surface),
which contained 60 grams of soil, and a 1.60-kilogram Byrd core
sample from 11 meters above bedrock, which contained very
little dust, approximately 30 milligram for U-series studies.

We melted and filtered the ice at pH = 1.0 by adding drops of
nitric acid (HNO3) so that there would be no Ra, Th, and U
adsorption on and desorption from the particulates. The 226 R in
the filtered melt water was measured by milking the daughter

2Rn. The water was first purged of all gas by bubbling helium
through it. Carrier argon (Ar) was added to the water and the
system pressurized with helium (He). The 222 R that built up
during a 3- to 10-day waiting period was purged out with He

Dissolved radium-226 from radon-222 measurements and preliminary uranium-238, uranium-234, and thorium-230 results

Radon-222
(saturation value)	Radium-226	Uranium-238 Uranium-234 Thorium-230

Sample	
Ice	Dust	Depth	(in counts per minute)	(in decays	(in decays	(in decays	(in decays

(in kilograms) (in grams) (in meters)	First	Second	per minute	per minute	per minute	per minute

helium	helium	per kilogram) per kilogram) per kilogram) per kilogram)

purge	purge

Dusty Cul
de Sac

Clean Cul
de Sac

Dirty Byrd
core

Clean
Byrd
core

Distilled
water

Distilled
water

Reagent
grade
water

Line blank

1.00	—0.30	0.75	0.37±0.03	0.34±0.01	0.140±0.010	:!^-0.10

	—0.03	0.75	0.18±0.03	0.20±0.01	0.077±0.008	<0.10

	

60.00	2,190	85.00±5.00 77.00±5.00	41 .000±2.000	not done

	

0.03	2,180
	1.10±0.10	0.50±0.20

	
0.250±0.020	not done

	

0	n.a.a	0.11±0.03	0.10±0.01
	

0.040±0.004	not done

	

0	na.	0.05±0.01	not done
	0.040±0.004	not done

	

0	na.	0.09±0.02	0.075±0.010	0.030±0.004	not done

	

0	n.a.	<0.02	not done	not done	not done

--0.30	—0.16

<0.20	<0.20

not done	not done

not done	not done

not done	not done

not done	not done

not done	not done
not done	not done
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1.00

1.00

1.60

1.00

0.50

1:10
0.00

a "na." denotes not applicable.
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and collected on charcoal (- 196°C) with the carrier Ar. The gas
was then removed from the charcoal, purified, and counted for
several weeks. (The 222 R measurement can be repeated after
another build-up time.)

The filtered and purged melt water was then removed from
the gas system, evaporated to 250 milliliter, and the pH is
readjusted to 1.0 with ammonium hydroxide (NH4OH). The U
and Th are then solvent-extracted into 250 milliliters of 0.032
molar DEHP (Diethylhexyl Phosphoric Acid), in"Toluene. " The
U and Th were then back-extracted into 25 milliliter of 10 molar
hydrogen chloride (HC1). The procedure was repeated a second
and third time. The 75 milliliters of 10 molar HC1 containing the
U and Th was evaporated to dryness in quartz plachets for
preliminary analysis by a spectrometry. The dirty Byrd sample
had too much residue for this preliminary analysis; however,
the dusty and clean Cul de Sac samples, which had 1.8 milli-
grams and 1.4 milligrams of residue were a counted. The table
gives the results obtained.

The U and Th values given in the table are preliminary values
because they were obtained by counting evaporated residues.
The U and Th counting should be greatly improved when we
electrodeposit thin samples on a disk before counting. We are
currently experimenting with electrodepo siting procedures on
calibrated U and Th samples in an effort to obtain higher yield
and counting efficiencies with lower backgrounds.

If we assume that amounts of 226Ra, 230Th, and 234U dissolved
in the clean Cul de Sac sample represent constituents dissolved
in the original precipitation and the excesses in the dusty sam-

ple are due to recoils out of the glass shards, then the activity
ratio of recoil 226Ra/230Th/2 U is 0.063 ± 0.013/approximately
0.08/approximately 0.10. For 20,000-year-old ice, we calculate
that the activity ratio should be 0.063/0.011/0.004, and for
400,000-year-old ice, the ratio should be 0.063/0.062/0.043.
These calculations indicate the type of precision that we must
have to obtain accurate U-series ages in the 20,000- to 400,000-
year range. Because of the poor counting statistics in our pres-
ent measurements, we can say the 226Ra/230 Th activity ratio of
0.063/approximately 0.08 represents only a suggestion for an
old (more than 50,000 years) age. We hope to improve the
counting statistics by use of larger samples with longer count-
ing times and to reduce the background by electrodepositing
the U and Th and using highly purified distilled water with
highly cleaned reagents in the U and Th separations.

This work was supported by National Science Foundation
grant DPP 82-17831. William Cassidy participated in field
research.
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Ocean sciences
Inhomogeneous distribution of tracers

in the abyssal southern ocean

C. T. A. CHEN and M. R. RODMAN

College of Oceanography
Oregon State University
Corvallis, Oregon 97331

The deep and bottom waters around Antarctica have been
reported to be quite homogeneous in radiocarbon con-
centration and to a somewhat lesser extent in tritium content.
The presence of a bottom layer with clearly marked higher
tritium values than in the deep water zone [e.g., typical bottom
values of more than 0.1 tritium unit (Tu) relative to deep water of
about 0 Tu; 1 iu = 10 18 T/H where T/H is the isotopic hydrogen
ratio 3H/ 1 H] is well documented (Michel 1978; Weiss, Ostlund,
and Craig 1979 and Jenkins et al. 1983). This situation is inter-
preted to mean that bottom waters contain significant percent-
ages of relatively young waters (i.e., waters of recent surface
origin). Chen and Poisson (Antarctic Journal, this issue) also
indicate that the antarctic bottom water (AABW) contains some
excess carbon dioxide, again suggesting that a portion of AABW
was recently in contact with the atmosphere.

Radiocarbon content, on the other hand, has sometimes been
reported to be very uniform regionally in the deeper waters of
the Antarctic, below the salinity and potential temperature
maxima and the oxygen minimum. Values reported are - 0.163
(Broecker 1979; Fiadeiro 1982), —0.158 (Stuiver, Quay, and Os-
tlund 1983) and - 0.160 (Bolin 1983). These results may suggest
that the bottom waters do not contain waters of recent surface
origin. Contrary to these reports, however, our study confirms
the report of Weiss et al. (1979) that radiocarbon is also non-
homogeneous in deep to bottom waters, similar to the trend
observed for tritium and excess carbon dioxide.

The radiotracer and hydrographic data used in this study are
from the antarctic GEOSECS (Geochemical Ocean Section
Studies) stations in the three oceans (Ostlund, Dorsey, and
Brescher 1976; Ostlund et al., 1979; Ostlund, Olson, and
Brescher 1980; Stuiver and Ostlund 1980; Bainbridge 1981;
Broecker, Spencer, and Craig 1982; Weiss et al., 1983). The
excess carbon dioxide results are from Chen (1984).

The combined antarctic GEOSECS tritium data are plotted
against potential density (o) in figure 1. As mentioned above,
higher tritium is found in the bottom water below cr. = 27.83.
Excess carbon dioxide values for the antarctic GEOSECS stations
are also plotted vs. o in figure 2. The young water signature
(higher excess carbon dioxide) near the bottom is weak because
of the scatter of the results. Results obtained from the 1981
Weddell Polynya Expedition (figure 3 in Chen and Poisson,

	

Tritium (T U)	 Tritium (TU)
0.0	0.5	1.0	 0.0	0.5	1.0

27.3
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Figure 1. A. Composite GEOSECS potential density (if0) vs. tritium
units (Tu) for Atlantic (GS76,77,78,82,89,91), Pacific (GS287), and
Indian (GS430,431 ,432,433) antarctic stations. B. Curve fit by eye
resulting from averaging data In figure 1-A in density bands. Points
with no error bars Indicate single-datum points.

Antarctic Journal, this issue), however, clearly show the increase
in excess carbon dioxide in the waters below cr 8 = 27.83.

A similar plot for radiocarbon (C-14) is shown in figure 3.
Again, the lowest value is centered around a = 27.83, which is
at or just below the maximum-temperature and maximum-
salinity layers. These layers are dominated by the old circum-
polar deep water low in C-14. Weiss etal. (1979) reported AC-14
values of 0.152 for the antarctic bottom water at - 0.4°C and
- 0.16 for the warm deep water at 0.6°C. Figure 3 also shows an
increase of 0.008 in C-14 in the bottom water relative to the
minimum C-14 value in the deep water. The increase in AC-14 is
in agreement with the tritium and excess carbon dioxide data,
and suggests that the bottom water does contain a portion of
relatively young water.
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Figure 3. A. Composite GEOSECS potential density (on) vs. radiocar-
bon (C-14) for Atlantic, Pacific, and Indian antarctic stations. B.
Curve fit by eye resulting from averaging data in figure 3-A in density
bands. Points with no error bands indicate single-datum points.

27.9
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Figure 2. A. Composite potential density (os) vs. excess carbon
dioxide (CO 2) for Atlantic GEOSECS stations. B. Curve fit by eye
resulting from averaging data in figure 2-A in density bands. Points
with no error bars indicate single-datum points. ("mol/Kg" denotes
micromoles per kilogram.)

This work would not be possible without the excellent GEO-
SECS data. We acknowledge the financial support provided by
the Department of Energy (subcontract 19X-89608C under Mar-
tin Marietta Energy Systems, Inc., contract DE-ACO5-84 or
21400 with the Department of Energy) and the National Science
Foundation (OCE 82-15053).
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Sediment trap experiments on the
antarctic continental margin

R. B. DUNBAR

Department of Geology
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Sediment trap experiments involve the collection of sinking
particulate matter in the ocean. They provide useful informa-
tion concerning transport mechanisms and fluxes to the sea-
floor as well as the degree of biological recycling within the
water column. While abundant flux data are available for low-
and mid-latitude oceans, very little sediment trap work has
been conducted in the seas surrounding Antarctica.

During austral summer 1983-1984, we successfully recovered
one of two sediment traps deployed during austral summer
1982-1983 on a free-vehicle current-meter array installed by
Stan Jacobs (Lamont-Doherty Geological Observatory) and
Dale Pillsbury (Oregon State University). Also during the
1983-1984 austral summer, we deployed and recovered a 7-trap
free-vehicle array in the Bransfield Strait and three drifting trap
arrays in the Antarctic Peninsula region as part of a joint U.S.!
Federal Republic of Germany (FRG) (Kiel University) effort
aboard FS Polarstern during Antarktis 11/3. These experiments
supplement those conducted in 1982 aboard USCGC Glacier
(Bransfield Strait, Rice University), in 1981 aboard Meteor

(Drake passage, Wefer et al. 1982), and 1983 and 1984 aboard
Polarstern (Antarctic Peninsula area, ongoing efforts of Kiel Uni-
versity and the Alfred Wegener Institute of Polar Science). Sedi-
ment trap experiments have also been conducted this past sea-
son in the McMurdo Sound area by the New Zealand Antarctic
Research Program. Here, I report on results from the austral
summer 1981-1982 deployment in the Bransfield Strait and

Figure 1. Rice University sediment trap being deployed from USCGC
Glacierduring austral summer 1982-1983. The collection area of the
trap is about 1,600 square centimeters. The sample is collected in
the small cup at the bottom.

initial results from the 1984 season recoveries in the Ross Sea
and Bransfield Strait.

A paired sediment trap designed and constructed by Andrew
Soutar (Scripps Institution of Oceanography) was deployed in
the central basin (1,800 meters) of the Bransfield Strait
(62°44.8'S 57°56.6'W, about 100 kilometers south of King
George Island) at a depth of 150 meters for 18 days during
February of 1982. Our own trap (figure 1), used in the Ross Sea,
Bransfield Strait, and Weddell Sea during 1983 and 1984, is
similar to the Soutar trap in design, only smaller and with a
slightly lower height/diameter ratio. During austral summer
1982-1983, our traps were deployed on 6 February at depths of
225 and 390 meters in the central Ross Sea adjacent to the ice
shelf (78°13.6'S 172°29.4'W). Both traps successfully collected
sediment during the year; however, upon recovery on 26 Janu-
ary 1983 the 390 meter trap was inverted during entanglement
of the mooring and the sample was lost. The shallow trap
sample was collected and the trap re-deployed for recovery
during austral summer 1984-1985. During Antarktis 1113, our
traps were deployed during November and December about 40
kilometers south of King George Island (62°16.3'S 57°22.8'W)
with FRG traps in a cooperative effort with Gerold Wefer and
Bodo von Bodungen of Kiel University.

In the Bransfield Strait trapping experiments, the dominant
component of the vertical flux of sediment at nearly all depths
was fecal pellet material. Cylindrical pellets with cohesive
organic coatings (figure 2), ranging in size from 200 x 75 to
1,200 x 250 micrometers are probably produced by antarctic
krill. Compact ellipsoidal pellets, more abundant in the deeper
trap samples and ranging in size from 100 x 50 to 500 x 150
micrometers resemble those produced by copepods. At greater
depths, the trap samples contain an increasing admixture of
terrigenous detritus. As a result, as depth increases, the com-
position of the vertical flux more closely resembles that of the
bottom sediments.

During the 1982 Bransfield Strait deployment, pellets trans-
ported more than 90 percent of the vertical flux of biogenic silica
(primarily fine diatom fragments) and organic carbon (table).
The mean settling velocity of the trapped sediment, 55 meters
per day is higher than the settling velocity of individual diatom
tests and results in residence times for these particles in the
shelf water column ranging from about 1 week to 1 month.

Sediment fluxes to the Ross Sea trap at 225 meters are signifi-
cantly lower than those measured in the Bransfield Strait (ta-
ble).This in part reflects the duration of the experiment: 1 year in
the Ross Sea vs. 3 weeks during the season of high productivity
in the Bransfield Strait. While abundant, pellets are not as
important a component of the vertical flux in the Ross Sea
sample. Low-density gelatinous aggregates of organic material
and diatom tests are common. A dense irregularly shaped tab-
ular aggregate (average size 150 x 100 micrometers) was the
major pelletal component. Krill and copepod pellets accounted
for less than 3 percent of the total pellet flux. Aragonitic tests of
the pteropod Limacina helicina accounted for nearly 50 percent of
the total vertical flux. Although nearly all tests were empty, it is
possible that the pteropods entered the trap by swimming and
succumbed to poison in the sample collection chamber. We note
however, that Limacina helicina can comprise a significant frac-
tion of the standing stock of zooplankton along the ice-shelf
edge (Biggs personal communication) and that the aragonite
component may constitute a genuine flux following mortality
events in the water column. Ice-rafted debris and clay minerals
are present only in trace quantities in the Ross Sea trap sample,
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attesting to the paucity of terrigenous input in this high latitude
glacial setting.

Our research during austral summer 1984-1985 will focus on
the flux of particulate matter beneath the fast ice of the McMur-
do Sound, Granite Harbor, and New Harbor areas. This work
was supported by National Science Foundation grants INT
83-14541 (to Robert B. Dunbar) and DPP 81-16623 (to John B.
Anderson) and a grant from Rice University.
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Figure 2. A. Cylindrical fecal pellet collected during a sediment trap
experiment in the Bransfield Strait in 1982. Note organic coating and
intact centric diatom test at edge of pellet (arrow). Scale bar is 50
micrometers. B. View of finely fragmented diatom tests from the
interior of a cylindrical pellet. Scale bar is 7 micrometers. These
pellets, probably produced by the antarctic krill, Euphausia su-
perba, comprised more than 80 percent of the total flux to 150
meters.

Fluxes to sediment traps deployed during austral summer 1981-1982 in the Bransfield Strait and recovered from the central Ross Sea
during austral summer 1983-1984

Duration of	Depth
Trap experiment	experiment	(in meters)

Bransfield Strait	18 days	150
DF82B1

Ross Sea	 354 days	225
DF84CR1

a In milligrams per square meter per day.
Includes clay minerals and ice-rafted debris.

Fluxa	 Number of pellets

	

Calcium	 per square

	

Total	Opal	Organic	Carbonate	
Terrigenousb	meter per day

	

1,410	988	115	<10	'=150	'=5 x 10

	

113	36	8.8	55	 5	'=2 x 10
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Ross Sea oceanography, 1984
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The Ross Sea heat flux experiment is primarily concerned
with the role of glacial ice in ocean circulation on the antarctic
continental shelf. Specifically, we are attempting to monitor the
transport of heat and salt from the open ocean into the cavity
beneath the Ross Ice Shelf. The transfer of heat from seawater to
the ice shelf base will determine the ice-melting rate. This melt-
ing is a factor in the ice shelf mass balance, which may relate to
ice-sheet stability and sea level. Various physical and geo-
chemical measurements are being made to estimate basal melt-
ing rates, residence time of water on the continental shelf, and
the exchange of carbon dioxide between the high-latitude at-
mosphere and oceans. Our research also involves the low- and
high-salinity shelf waters, which form beneath the winter pack
ice and in polynyas along the antarctic coastline. These shelf
waters contribute to glacial melting and to deep and bottom
water formation and may influence on-shelf intrusions of rela-
tively "warm" deep water (Jacobs, Fairbanks, and Horibe in
press).

In January-February 1984, relatively light pack ice facilitated
our station work from the USCGC Polar Sea. J. Simpkins and D.

Figure 1. Oceanographic stations occupied in the Ross Sea from the
USCGC Polar Sea, January and February 1984. Current meter moor-
ings were recovered from the vicinity of stations 28-33, and were set
between 9 and 43 and near 86. Automatic weather stations were
Installed on inexpressible Island (near station 86) and on the Ross
Ice Shelf (near station 32).

Root from Oregon State University (oSu) recovered nine current
meters set a year earlier (Pillsbury, Lewis, and Jacobs 1983) and
deployed 24 new instruments. About 130 conductivity-tem-
perature-depth (CID) stations and 200 expendable bathyther-
mograph (xBT) casts were made under the direction of B. Huber,
J. Ardai, and S. Rennie along the transects shown in figure 1.
(Figure 2 shows the mapped record of the Ross Ice Shelf.) Two
north-south transects in the central Ross Sea were substituted
for a planned east-west section near the continental shelf break,
which could not be done due to logistic constraints. At selected
stations we did rosette water sampling for salinity, dissolved
oxygen, nutrients, oxygen-18, carbon dioxide, alkalinity, and
freon. Water chemistry work by G. Mathieu, S. Trumbore, and J.

/

^ WV

------Ross, t841
David, 1914

......SPRI/NSF Map, 1962
USCGC Glacier,1983	

l65

ROSS ICE SHELF

/ ROSS SEA

180'

- \\
1i:°'•. 	c

Km

Figure 2. Approximate mapped locations of the northern edge of the Ross Ice Shelf since its discovery by Sir James Ross in 1841. The USCGC
Glacier position was recorded in February, 1983, during the first year of the Ross Sea heat flux experiment. The shaded region between the two
recent positions represents about 3,000 cubic kilometers of ice.
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Gallagher was complemented by underway air and surface-
water sampling between Seattle and the Ross Sea by the Polar
Sea's marine science technicians. Nutrient samples were acid-
ified for later processing by J. Jennings and L. Gordon at osu.

In a cooperative program with C. Stearns at the University of
Wisconsin and D. Bromwich of the Ohio State University, J.
Ardai and G. Crocker set up an automatic weather station on
Inexpressible Island and another on the Ross Ice Shelf. M. Smith
from Rice University obtained sediment samples with a clam-
shell grab or phieger corer suspended below the CTD/rosette.
With the assistance of Polar Sea quartermasters, the position of
the north wall (barrier) of the Ross Ice Shelf was logged over its
full east-west extent. The barrier was 15-30 kilometers north of
its location on the 1962 sPRI/NsF chart of the Ross Sea Shelf,
suggesting that iceberg calving has not kept pace with the
northward advance of the shelf over the past two decades.
Figure 2 compares four charted positions of the Ross Barrier
over the past 150 years.

The intrusion of "warm" water into the sub-ice shelf region
appears to vary by about 2°C in temperature throughout the
year. We observed less potential bottom water on the slope than
during past summer seasons and in the western Ross Sea the
slope front was well up onto the continental shelf. Preliminary
analyses of freon measurements (Trumbore, Jacobs, and
Smethie in preparation) indicate a shelf water residence time on
the order of 5-10 years. Persistent southward currents were
measured at some locations along the barrier, and westward
currents at other sites (Pillsbury et al. in press). Some results
from the 1983 and 1984 field work will be included in a volume
of the Antarctic Research Series (Jacobs in press). Other related
reports that were initiated, furthered, or completed during this
project period are included in the references.

The Ross Sea heat flux experiment is being carried out within
the Institute for Climate Research, recently formed by the La-
mont-Doherty Geological Observatory and the National Aero-
nautics and Space Aministration's Goddard Institute of Space
Sciences. This antarctic project is primarily supported by Na-
tional Science Foundation grant DPP 81-19863 to Columbia Uni-
versity (S. Jacobs and A. Gordon) and grant DPP 81-20677 to osu
(D. Pillsbury). Additional support was provided by the Depart-
ment of Energy in contract DE-ACO2-81ER60000B with Colum-
bia Unviersity (T. Takahashi, W. Smethie, and D. Chipman).
Lamont-Doherty provided funding to reconfigure a CTD/rosette
underwater unit so that it could be accommodated on the ice-
breaker. Shipboard support of this program by officers and crew
of the Polar Sea was most appreciated. Special thanks go to
Marine Science Technician Chief M. Alles.
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Excess carbon dioxide in the Weddell
Sea
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We recently suggested that the antarctic bottom water (AABW)
contains little or no excess carbon dioxide because, as is well
known, AABW was largely blocked from the air by ice when
formed. The conclusion was uncertain, however, because the
excess carbon dioxide results which were based on the GEOSECS
(Geochemical Ocean Section Studies) and IGY (International
Geophysical Year) data had a large scatter about the oxygen
value masking possible small trends of increased near-bottom
excess carbon dioxide. To confirm our previous results, we
participated in the U.S.-U.S.S.R. Weddell Polynya Expedition on
the Soviet research vessel/icebreaker Somov between 9 October
and 25 November 1981. The more precise Somov data indicated
that AABW indeed contains only 6 ± 5 micromoles per kilogram
of excess carbon dioxide. The pre-industrial carbon dioxide
concentration in the atmosphere was estimated to be 268 ± 13
microatmospheres.

In 1979, Chen and Millero used the GEOSECS data to calculate
the excess carbon dioxide concentrations. They published the
first vertical excess-carbon-dioxide profile in the oceans based
on GEOSECS carbonate data at station 79. The surface water was
found to contain 40 micromoles per kilogram of excess carbon
dioxide and the excess carbon dioxide concentration decreases

gradually with depth to 700 meters. No excess carbon dioxide
could be detected below this depth.

In 1982 Chen studied in more detail the distribution of excess
carbon dioxide in the southern ocean using GEOSECS and IGY
data. He found less than 5 micromoles per kilogram of excess
carbon dioxide in the AABW, and then only when the water is
colder than 0°C. These results, however, need to be confirmed
because of the large scatter of the data.

We have calculated the excess carbon dioxide concentrations
for the GEOSECS southern South Atlantic stations (figure 1).
Surface waters generally contain 40 micromoles per kilogram of
excess carbon dioxide, whereas little can be found below the
maximum temperature layer (denoted by arrows on figure 1).
We have plotted the available tritium and carbon-14 profiles in
figure 2. It is obvious that the shapes of these profiles are similar
to those shown in figure 1 and all three sets of profiles provide
the same information: younger waters (more excess carbon di-
oxide, higher tritium and less negative carbon-14) are found on
the surface, and older waters are found in the deep and bottom
waters. It is less clear, however, whether some component of
young water exists in AABW, which, after all, has been consid-
ered as a new water mass. Chen and Rodman (Antarctic Journal,
this issue) indicate that AABW indeed contains more tritium and
carbon-14 than the deep water. The Somov carbonate data indi-
cate that a little excess carbon dioxide also exists in AABW.

We have calculated the excess-carbon-dioxide signal based on
Somov data (Huber et al. 1983; Chen 1984). Rather than plotting
the excess carbon dioxide concentrations vertically, we have
plotted the data vs. potential density (re) in figure 3. It is clear
that the smallest amount of excess carbon dioxide is found at or
below the maximum temperature layer where the old circum-
polar deep water dominates. On the other hand, at greater
depths where there is a component of recently sunk surface
water [generally at potential temperatures (0) of less than 0°C]
the excess carbon dioxide concentration increases with depth to
a value of 6 ± 5 micromoles per kilogram. Calculations based on
the surface values yield a pre-industrial carbon dioxide con-
centration of 268 ± 13 microatmospheres per kilogram.

We thank the Weddell Polynya Expedition co-chief-scientists
E. Sarukhanyan and A. L. Gordon for their assistance. Financial
support was provided by the Department of Energy (sub-
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Figure 1. Variation of excess carbon dioxide with depth for GEOSECS stations (GS numbers) in the Atlantic side of the southern ocean. The
arrows show the depth of maximum temperature. ("CO, p.mol/kg" denotes carbon dioxide in micromoles per kilogram.)

74	 ANTARCTIC JOURNAL



0	20	40 0	20	40

27.5

27.6

27.7

27.8

27.9

Tritium,TU	 excess CO 2 ,imol/kg	excess CO  ,jimol/kg

0	I o
0	0

0	0

200	0
	0

0

400 0

600
0

800 -

1000 L 
GS 76
	

6577

-150-100
0

000 /

2000

3000
6S76

4000

5000

0	10	10	1 	I
0-	c,-.

0	 00	0	 I	0
40

0	 10 1.0
10

E 0	I

L
L GS78 [ GS82 L GS 89 L

E

a.

E

a.
V
to

-14

-150 -100-150 -100 -150 -100 -150 -100 -150 -100 -50
0	0 "	00	'	0 -0	 60CFP

11	0	 00
00

10	 0

GS78 o GS82	GS89	6590 0 6591

Figure 2. Variations of tritium (Tu) and radiocarbon (C-14) with
depth (in meters) for the GEOSECS stations (GS numbers) in the
Atlantic side of the southern ocean. (Data are from Ostlund, Dorsey,
and Brescher 1976 and Stuiver and Ostlund 1980).

Figure 3. Excess carbon dioxide in micromoles per kilogram ("CO,,
ELm/kg" on the figure) versus potential density (o) for all WEPOLEX
stations. The arrow shows the depth of maximum temperature. The
curve is the best fit, by eye, of average excess carbon dioxide values.

contract 19X-89608C under Martin Marietta Energy Systems,
Inc., contract DE-ACO5-84 or 2140D with the Department of
Energy) and the National Science Foundation (0cE 82-15053).
Alain Poisson acknowledges the support of the Centre National
de la Recherche Scientifique (contrats: CNRS/DGRST, PIREN,
cycle du carbone 070278/03, and ATP Oceanographie Chimique
071278).
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Marine geology and geophysics

Diatoms from the McMurdo Ice Shelf,
Antarctica

D. E. KELLOGG and T. B. KELLOGG
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University of Maine
Orono, Maine 04469

We collected over 400 samples of ice, sediment, and faunal
remains from more than 100 diverse locations on the surface of
the McMurdo Ice Shelf during the 1975-1976, 1976-1977,
1978-1979, and 1981-1982 field seasons. The purpose of this
collecting program was to understand better the mode of forma-
tion of this part of the larger Ross Ice Shelf and, if possible, to
learn about depositional mechanisms beneath ice shelves.

Our interest was stimulated by Debenham's (1919) documen-
tation of faunal remains on the surface of the "Pinnacled Ice." He
suggested that marine sediment containing fossil material is
incorporated into the ice shelf by basal freezing and then moves
to the ice shelf surface because of surface ablation. Cow and
Epstein (1972) showed that the ice shelf north of Koettlitz
Glacier is composed in part of frozen seawater, and oxygen
isotope analyses of ice we collected at over 50 surface locations
on the McMurdo Ice Shelf indicate a predominantly marine
origin (Stuiver et al. 1981).

We hypothesized (T.B. Kellogg et al. 1977) that marine sedi-
ments and organisms are incorporated into the base of the ice
shelf principally at grounding zones, especially near Black Is-
land, and that fossil remains in the striking dirt bands extending
to the north from Black Island should document changing
oceanographic conditions beneath the ice shelf over the last
5,000 to 6,000 years, because radiocarbon dates on fossil mate-
rial collected from the shelf surface increase in age sys-
tematically toward the north. Our studies have included ana-
lyses of foraminifera and diatoms. The foraminiferal analyses
proved disappointing because, first, most of our samples are
barren or contain only few specimens and, second, there are
uncertainties regarding the stratigraphic ranges and ecologic
tolerances of most of the benthic species we encountered. This
report is therefore limited to our preliminary diatom results.

Marine Diatoms: Fifty-nine sediment samples collected from
the surface of the McMurdo Ice Shelf (southwestern Ross Sea,
Antarctica), were analyzed for diatoms. Fragments of centric
marine species were encountered in all samples, but identifia-
ble marine specimens dominated the total diatom flora in only
two samples. Marine species present in most samples included:

Nitzschia kerquelensis, N. curta, N. obliquecostata, N. sublineata,
Melosira so!, and Eucampia antarctica. These are among the most
common species in Holocene Ross Sea sediments (Truesdale
and Kellogg 1979). High concentrations of marine diatoms were
expected in all samples because of the presence of marine mac-
rofossils including: siliceous sponges, bryozoa, solitary corals,
molluscs, etc. (Debenham 1919; Swithinbank, Darby, and
Wohlschlag 1961; T. B. Kellogg et al. 1977). Low abundances of
marine diatoms in shelf surface sediments may be caused by
unavailability of needed light or nutrients for diatoms beneath
the shelf. Marine diatom deposition beneath the shelf is today
apparently limited to specimens carried there by currents. Ma-
rine specimens we recovered probably represent such transport
but may include relict diatom-bearing deposits beneath the
shelf because we did find rare specimens of older species such
as Trinacria excavata.

Non-Marine Diatoms: Non-marine diatoms are abundant and
diverse in most samples from the McMurdo Ice Shelf. This
observation is consistent with the presence of numerous ponds
on the shelf surface, which melt wholly or partially for a few
weeks each austral summer. Similar ponds and lakes in the
adjacent dry valley region consistently support rich diatom
floras (Seaburg et al. 1979; D.E. Kellogg et al. 1980, unpublished
data), including the non-marine species we find on the McMur-
do Ice Shelf. We recognize at least two assemblages of non-
marine diatoms in our McMurdo Ice Shelf samples. The first is
dominated by Nitzschia westii and Pinnularia cymatopleura, the
second by Navicula deltaica, N. quaternaria, N. gaussii, and a
number of varieties of the Navicula muticopsis/muticopsiforme
complex. Other non-marine species that are present consis-
tently include: Achnanthes taviorensis, Navicula contenta and its
variety parallela, Navicula shack! etoni, and unnamed varieties of
Melosira. Other species of Melosira were observed occasionally,
as were species of the genus Cyclotella. Factor analysis should
reveal several additional weaker assemblages, all of which will
be mapped as a first step toward determining ecologic controls
on the distributions of the non-marine species and
assemblages.

We thank the pilots and helicopter crews of VXE-6, many of
whom showed a genuine interest in our research, for logistic
support. This work was supported by National Science Founda-
tion grant DPP 80-20000.
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USCGC Polar Sea Ross Sea cruise,
1983-1984

M. J . SMITH and J. B. ANDERSON

Department of Geology
Rice University

Houston, Texas 77251

The Ross Sea continental shelf is the most highly sampled
region of the antarctic continental margin. However, investiga-

tions of sediment distribution patterns and sedimentary pro-
cesses have been hindered by a scarcity of surficial sediment
samples, particularly from the outer shelf. During the 1984
oceanographic expedition of the USCGC Polar Sea, 59 phleger
core and grab samples were collected in the Ross Sea (figure 1,
table). These additional samples enable us to better define Ross
Sea sedimentary processes.

Ross Sea surficial sediments include unsorted ice-rafted de-
bris (IRD), siliceous biogenic material (mostly diatom frustules),
calcareous shell debris, and suspension deposited silts and
clays. Differences in the relative concentrations of these compo-
nents reflect the relative influence of glacial, oceanographic,
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Figure 1. Ross Sea bathymetry and austral summer 1983-1984 sample locations. (Open circles are grab samples; solid circles are phieger core
samples.)
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and biologic processes. The main features of surficial sediment
distribution (figure 2) are outlined as follows:
• Sulzberger Bay, the eastern and outer shelf of the central Ross

Sea, and the relatively narrow shelf of the northern Victoria
Land coast contain sediments with greater than 50 percent
IRD. These are the only areas where ice-rafting is a significant
contributor to bottom sediments today.

• The shelf edge-upper slope, and the tops of banks in the
western Ross Sea are covered by residual (current winnowed)
glacial marine sediments with abundant calcareous shell
debris.

• Terrigenous silts and clays comprise more than 85 percent of
those surface sediments collected along the front of the Ross
Ice Shelf east of 180°.

• Biogenic silica comprises 10-40 percent by weight of surficial
sediments west of 180°.
The concentration of IRD increases in an offshore direction

away from the Ross Ice Shelf (figure 3). Grain-size data show
that most samples contain some bed load material (3.00 to 2.750
traction modes, figure 3), implying that bottom currents are
strong enough to winnow finer (>30) sediments and concen-
trate the coarser ice-rafted component. Although the silt/clay
content increases in an onshore direction, the size of bed load
populations (3.00 to 2.750) and the size of the coarsest material
eroded from the bottom remain constant. This suggests that the

1984 Geologic stations

Station	Latitude	Longitude	Depth	Samplenumber	 (in meters)

1	77025.9'S	174000.9'E	740
2	70030.0'S	175058.0'E	690	G
3	78°01.1'S	179059.8'E	713	G
4	78008.8'S	177044.7'W	630	G
5	78010.3'S	177009.3'W	610	G

6	78008.8'S	176029.4'W	615	G
7	77057.7'S	175028.7'W	588	G
8	78006.2'S	175029.6'W	556	G
9	78011.2'S	175000.5'W	540	G

10	77047.9'S	173059.6'W	556	G

11	78000.5'S	174025.9'W	560	G
12	78012.1'S	173048.5'W	540	G
13	78013.9'S	172031.1'W	440	G
14	78014.8'S	171009.4'W	548	G
15	78016.2'S	169048.9'W	556	G

16	78017.2'S	168030.5'W	580	G
17	78018.9'S	165050.1'W	490	G
18	77053.2'S	161047.7'W	706	G
19	77043.2S	159007.5'W	302	G
20	77000.9'S	161026.5'W	520	G

21	77°00.1'S	162059.7'W	604	G
22	77000.4'S	165059.8'W	420
23	76056.8'S	167031.3'W	472	P
24	76052.8'S	169000.2'W	487	P
25	76049.9S	170036.2'W	456	P

26	76042.0'S	173036.2'W	490	P
27	76028.9'S	178°03.1'W	585	P
28	76024.9'S	179°27.1'W	588	P
29	76018.9'S	177038.0'E	405	P
30	76017.0'S	176006.4'E	438	P

a Grab sample.
b Phleger core sample.

IQ

Figure 2. Surface sediment distribution map for the Ross Sea.
("RCM" denotes residual glacial marine sediment; "CGM" denotes
compound glacial marine sediment; "DCGM" denotes di-
atomaceous compound glacial marine sediment; "SiM" denotes
siliceous mud; "Sf0" denotes siliceous ooze; "CZ" denotes clayey
silt; and "S" denotes sand.) (Samples are from Eltanin cruises 27,
32, and 52, and Deep Freeze cruises 76, 78, 80, 83, and 84.)

1984 Geologic stations (continued)

Station	Latitude	Longitude	Depth	Samplenumber	 (in meters)

31	76015.3'S	174024.9'E	605
32	76014.9'S	172059.9'E	608
33	76012.5'S	171027.5'E	612
34	76°12.1'S	169054.5'E	630
35	77004.7'S	164031.1'E 	425

36	77004.7'S	167000.3'E	870
37	75039.6'S	166012.2E	544
38	75029.8'S	165051.7'E	752
39	75019.4'S	165036.4'E	760
40	75014.5'S	165013.5'E	950

41	75010.1'S	164°56.1'E	1,100
42	71043.4'S	172005.7'E	575
43	72013.9'S	170034.6'E	450
44	77048.5'S	173059.2'W	530
45	77030.0'S	173029.8'W	533

46	77006.9'S	172°41.7'W	498
47	76001.2'S	170016.3'W	740
48	75056.3'S	170°04.1'W	1,016
49	75034.5'S	169014.9'W	2,020
50	75005.9'S	176018.9'W 	1,005

51	75020.9'S	176028.9'W	567
52	76049.3'S	177000.9'W	572
53	77001.5'S	177029.9W	570
54	77015.5'S	178001.1'W	610
55	77028.6'S	178029.7'W	642

56	77041.9'S	178059.6'W	665
57	77051.9'S	179017.8'W	692
58	77056.9'S	179024.9'W	704
59	78001.2S	179031.3'W	716

a Grab sample.
b Phleger core sample.
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maximum velocity of bottom currents on the shelf is relatively
constant [11-13 centimeters per second, based upon total grain
size distribution/velocity determinations of Singer and Ander-
son (1984)]. Because the finer sediments will settle from suspen-
sion only when and where current velocities fall below 4 cen-
timeters per second (Singer and Anderson 1984), the associa-
tion of residual ice-rafted modes and bottom-traction modes
with fine-grained material implies episodic flow conditions.

During high velocity episodes, finer material is swept from
the bottom, leaving behind a thin surficial lag. When current
velocities decrease, fine material settles to the bottom. These
two components are mixed by burrowing and scavenging or-
ganisms. Thus, a decrease in the residual IRD/current-derived
sand mode in an onshore direction (toward the Ross Ice Shelf) is

attributed to a decrease in the frequency of strong flow events in
that direction. In this manner, fine-grained sediments, includ-
ing diatom frustules, are gradually transported toward the
deeper, ice-shelf marginal basins where more quiescent bottom
conditions exist. Despite their relatively high opaline silica con-
tent (15 percent), sediments of central Ross Sea basins have low
organic carbon contents (less than 0.75 percent) compared to
siliceous sediments in basins of the western Ross Sea (total
organic carbon greater than 1 percent). This suggests enrich-
ment of biogenic phases via reworking of modern deposits in
the region.

Aside from shallow banks, the western shelf is covered main-
ly by siliceous muds and oozes (figure 2). Results from analyses
show that biogenic silica content increases from east-to-west
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Figure 3. Contour map of the relative percentage of ice-rafted debris (unsorted sand and gravel) on the Ross Sea shelf, along with
representative grain size curves from the outer shelf.
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across the shelf (see Dunbar, Dehn, and Leventer, Antarctic
Journal, this issue). This distribution was first noted by Trues-
dale and Kellogg (1969), who attributed it to less extensive
summer sea ice cover in the western Ross Sea. This is probably
not the sole factor regulating the distribution of siliceous sedi-
ments on the shelf, because open seas are also prevalent across
the inner shelf near the Ross Ice Shelf and western shelf sedi-
ments contain low biogenic silica. There is also an east-to-west
increase in organic carbon content across the shelf (see Dunbar,
Dehn, and Leventer, Antarctic Journal, this issue). Higher
organic carbon/opal ratios in biogenic sediment of the western
Ross Sea indicate less reworking via suspension within the
water column than occurs in the central Ross Sea.

Diatomaceous oozes from the Ross Sea shelf are mainly in the
16-63-micrometer size range. This size material is maintained in
suspension by currents with velocities above 5 centimeters per
second. Thus, the distribution of diatomaceous ooze will be
strongly influenced by marine currents. Westerly flowing sur-
face currents on the shelf may significantly contribute to the
corresponding westerly increase in biogenic silica. In addition,
diatom frustules may be transported onto the shelf by the im-
pinging warm core water. As this water mass overridçs high
salinity shelf water as an impinging surface layer, bottom cir-

culation may be more sluggish on the western shelf so that these
fine-grained sediments can accumulate there.

This research was supported by National Science Foundation
grant DPP 81-16623. We are indebted to the officers and crew of
the USCGC Polar Sea for their support during the expedition.
Participants assisting in sampling were Doug MacAyeal, Greg
Crocker, Jay Ardai, and Susan Trumbore. We are especially
grateful to Stan Jacobs who kindly provided us with the oppor-
tunity to collect grab samples during the 1983-1984 austral
summer.
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Marine geological and geophysical
investigations in the Ross Sea,

Antarctica

A. K. COOPER
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F. J. DAVEY

Department of Scientific and Industrial Research
Geophysics Division

Wellington, New Zealand

During February 1984, the U.S. Geological Survey (usGs)
conducted marine geological and geophysical studies of the
Ross Sea continental margin as the second half of the 1984 USGS
marine antarctic program. Several thousand kilometers of
geophysical trackline data and numerous geologic samples
were collected aboard the i/v S.P. Lee in the Victoria Land basin
and Iselin Bank areas of the Ross Sea (figure 1). A geophysical
trackline, with multichannel seismic-reflection data, was re-
corded along the western side of McMurdo Sound and crossed
existing MSSTS (McMurdo Sound Sediment and Tectonic Stud-
ies) and planned CIROS (Cenozoic Investigation in western Ross
Sea) shallow drilling sites.

Special emphasis was placed on the collection of multichan-
nel seismic-reflection data (2,350 kilometers) although a large
suite of other underway geophysical measurements were
made, including single-channel seismic-reflection (850 kilo-
meters), sonobuoy seismic (39 stations), high-resolution seis-
mic-reflection (1,850 kilometers), 3.5-kilohertz and 12-kilohertz
bathymetry (4,500 kilometer), magnetic gradiometer (3,100

kilometers), and gravity data (3,950 kilometers). Sampling oper-
ations included 3-meter gravity coring (15 cores from 10-258
centimeters in length), chain-bag dredging (two stations with

Figure 1. Index map of the Ross Sea, Antarctica, showing locations
of geophysical tracklines and geologic sampling sites occupied by
the U.S. Geological Survey research ship RI'! S.P Lee during Febru-
ary 1984.
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excellent recovery), and measuring heat flow (3 sites). A de-
tailed high-resolution seismic-reflection survey of an area of
irregular seafloor bathymetry was also conducted (figure 1).
During the cruise, analytical measurements of organic gas con-
centrations and sediment shear strength were routinely made
on the gravity cores immediately after core recovery. Thermal
conductivity determinations were also done on cores from heat-
flow stations.

Unusually good ice conditions were encountered in the west-
ern Ross Sea and multichannel seismic-reflection tracklines
were continued to within a few kilometers of the shore line in
the southern part of the survey area. Operations were ham-
pered by frequent periods of bad weather and by an accidental
loss (and fortunate recovery) of the entire 2,400-meter multi-
channel streamer, which snagged on an automobile-sized
"bergy bit."

The broad Ross Sea continental shelf lies under 400-1,100
meters of water and is floored by three north-south trending
sedimentary basins. The two easternmost basins (figure 2) have
been traversed by multichannel seismic-reflection surveys and
are believed to contain 4-6 kilometers of Cenozoic, mostly post-
Oligocene, glacio-marine sedimentary rock (Davey, Hinz, and
Schroeder 1983; Hinz 1983). However, the westernmost basin,
the Victoria Land basin, had no previous multichannel seismic
surveys, yet is believed to be filled with similar thicknesses of
possibly older sediment (Davey et al. 1983).

Structural highs separate the basins. Iselin Bank, the north-
ward projection of one of these basement highs, is believed to
be a feature of probable continental origin. In Gondwana recon-
structions, the Iselin Bank lies at the junction of Australia,
Antarctica, and New Zealand prior to breakup.

The objective of leg 2 was to study the crustal structure and
geologic processes of the Victoria Land basin and the Iselin
Bank areas. The new multichannel seismic-reflection data re-
corded over the Victoria Land basin suggest that the basin has
had a more complex history of Cenozoic deformation than the
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Figure 2. Map showing approximate locations of structural features
and existing multichannel seismic-reflection surveys in the Ross
Sea [modified from Hinz (1983) and Behrendt (1983).]

other two basins of the Ross Sea. Extensional tectonics, crustal
heating, and vertical displacements appear to dominate the
basin's history and are probably closely related to the Cenozoic
uplift of the Transantarctic Mountains. Figure 3 shows regional
unconformities and faulting that may be related to these pro-

LINE 407	 NEAR FRANKLIN ISLAND	 E

l	I
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Figure 3. Line drawing and multichannel seismic-reflection data from line 407 across the Victoria Land basin in the western Ross Sea. Faults
and unconformities are evident in the sedimentary section along the entire line.
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cesses. The enlarged seismic section (figure 3) crosses the major
fault that is the basin's western boundary and illustrates uplifted
and truncated basin sediments as well as a possible unconfor-
mity beneath these sediments.

In the Victoria Land basin, high-velocity (1.9 kilometers per
second) sediment is found at the seafloor where stiff indurated
glacial marine sediment (diamictite) have been sampled in the
3-meter cores. These sediments are marked by large shear
strengths, high thermal conductivities, and low concentrations
of only methane gas. Preliminary temperature gradients in the
upper 3 to 4 meters of these sediments are large and suggest
high heat flow. In the northeast part of the basin, high resolu-
tion seismic reflection profiles indicate that areas of the seafloor
at depths of 265-725 meters are covered by unusual hummocky
features with 5-25 meters of relief. These features are probably
related to glacial processes during the last ice-shelf advance.

Multichannel seismic-reflection data across Iselin Bank show
that basement rocks are incised by two north-south trending
grabens and are covered by a thin sedimentary section. Base-
ment crops out along the bank's crest and eastern flank and
rocks dredged there include volcanic, plutonic, and sedimen-

tary rocks. Although most rocks are rounded and appear to be
erratics, several subangular assemblages are present and in-
clude a quartzite that is similar to Paleozoic rocks of the Transan-
tarctic Mountains (Laird personal communication). If these
rocks are from seafloor outcrop, then Paleozoic basement rocks
extend at least 300 kilometers beneath the western Ross Sea to
Iselin Bank.
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Marine geological and geophysical
investigations of the Wilkes Land

continental margin, 1984

S. L. EITTREIM and M. A. HAMPTON

U.S. Geological Survey
Menlo Park, California 94025

Because the continent of Antarctica is so remote and the
prevailing weather and ice conditions are so adverse, little is
known about the geologic framework of the antarctic continen-
tal margin. What is known has been pieced together by extrapo-
lating from widely spaced observations and by inferring from
the known geology of the passive continental margins (par-
ticularly those conjugate margins of the Gondwana group)
which have been studied in greater detail. Although the Na-
tional Science Foundation supported reconnaissance-style ma-
rifle geophysical and geological studies on the RIv Eltanin for
many years, the area covered by the Eltanin's study tracks is a
very small percentage of the total area of the southern ocean. In
addition, very few of the Eltanin's tracks have crossed the almost
totally ice-covered continental margin but rather have been
limited to deep-water areas farther offshore. Those marine
geophysical and geological studies that have been focused on
the continental margin have dealt with only small areas
(Anderson et al. 1980; Behrendt 1983).

In January 1984 the U.S. Geological Survey research vessel
iJv S.P. Lee carried out marine geological and geophysical sur-
veys, including multichannel seismic surveys, on the Wilkes
Land continental margin to outline the basic seismic stratigra-
phy and geologic framework of this passive margin. This report
is a summary of our survey (figures 1 and 2) and includes a
description of the types of data collected and a brief discussion

Figure 1. Leg 1 tracklines of the R/V S.P. Lee. Generalized bathymetry
in meters are from Gebco chart no. 5-18. Sea-ice edge indicated Is
from visual observation. ("km" denotes kilometers.)

3U

Figure 2. Location of gravity-core sites, rock dredge hauls, seismic-
refraction sonobuoy stations and a side-scan sonar profile. ("km"
denotes kilometer.)
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of preliminary results based primarily on shipboard analyses of
unprocessed seismic and other geophysical data. Participants
included scientists from academic institutions and government
agencies of Australia and New Zealand as well as the U.S.
Geological Survey and the National Oceanic and Atmospheric
Administration.

The cruise began in Lyttleton Harbor on 5 January 1984 and
ended at McMurdo Station on 2 February. During the 13 days
spent in the survey area (between longitude 130°E and 150°E),
we collected multichannel-seismic (Mcs) and other geophysical
data, sampled the seafloor by gravity corer and rock dredge,
and mapped the shelf seafloor by side-scan sonar. The work
area overlaps the 1982 survey by the French Petroleum Institute
(Behrendt 1983) and extends farther to the west. During our
survey, weather conditions were favorable but sea-ice condi-
tions were not, affording only limited access to the continental
shelf.

During non-MCS operations, the Lee at times moved through
loose multiyear, 3-meter thick ice floes of approximately five-
tenths sea surface coverage to locate sites for sampling. All MCS

profiling was carried out in ice-free areas to maintain straight
tracks. Because we had to skirt the ice front, we could not

maintain straight tracks on some of the inshore lines, so some of
those lines contain doglegs.

The Lee attempted to enter McMurdo Sound via the ice chan-
nel that is maintained by the U.S. Coast Guard; however, wind-
pressured brash ice filled the ice channel and made passage
impossible. The Lee was beset in the ice of the McMurdo Sound
channel for a period of 12 hours, after which the USCGC Polar Sea
extricated the Lee, replenished our supplies, and exchanged
crews for us.

After 9 days of MCS surveying with a 2.4-kilometer long hy-
drophone streamer and 1,300-cubic-inch airgun array, we had
collected 1,800 kilometers of seismic data. Shot intervals of 50
meters provide 24-fold coverage for common depth-point pro-
cessing. An additional 400 kilometers of single-channel seismic
reflection data were recorded using one 80-cubic-inch airgun.
Thirty-three sonobuoy-re fraction profiles were also recorded.
Along all lines (including most of the transit lines) gravity,
magnetic gradiometer, and 3.5- and 12-kilohertz acoustic reflec-
tion profiles were recorded. During lines run on the continental
shelf, Uniboom (1-kilohertz) acoustic profiles were recorded
and one 30-kilometer long side-scan sonar record was made.
Eight gravity cores of bottom sediment were obtained with a 3-
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Figure 3. Multichannel seismic profile across the presumed continent-ocean boundary (COB). One second of two-way reflection time in the
sedimentary section equals approximately 1 kilometer; less for the shallower sediment and more for the deeper strata. Location is shown in
figure 1.
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meter corer in various sedimentary environments on the shelf,
slope, and rise. Physical properties were measured on these
samples and gas analyses were made in the ship's laboratory.
Two dredge hauls for rocks were made: one on the shelf and the
other on the upper slope. Navigation was by "Transit" satellite,
supplemented by high-accuracy "Global Positioning System"
satellite for 9 hours each day.

The five north-south lines in the western part of the survey
span the region from the continental shelf break or slope out
across the continent-ocean boundary (COB). The COB typically is
characterized by a ridge that forms the southern boundary of
oceanic basement (figure 3). Using the seismic reflection data
and seismic velocities from sonobuoys, we determined that the
sediment wedge of the slope and rise ranges from about 3 to 6
kilometers thick. Thicknesses measured on the shelf are greater
than 3 kilometers, but exact measurements are difficult to make
from the unprocessed seismic data.

The continental rise is underlain by a sedimentary wedge that
has a lower unstratified sequence, which is largely confined to
the region landward of the COB, and a stratified upper sequence
that extends out over oceanic crust, beyond the COB (figure 3).
The younger stratified sequence was deposited in an environ -
ment of active bottom currents that have shaped and eroded the
deposits and turbidity currents that have dissected the upper
rise and slope to form many submarine canyons and fans.
Seafloor truncation of beds of this stratified sequence on the
upper continental rise indicate that the erosion is recent.

Capping this upper stratified sequence, sharp-crested depo-
sitional ridges spaced about 35 kilometers apart dominate the
morphologic fabric of the seafloor upper continental rise. Some
of the valleys between ridges are occupied by erosional
canyons.

On the continental shelf, side-scan sonar images of the sea-
floor reveal ice gouges in water depths greater than 500 meters
that are produced by large tabular icebergs. Ice-gouge features
typically are multiple-grooved incisions a few meters deep and
tens of meters wide. Semicircular to circular depressions about
100 meters in diameter (ranging from 30 to 150 meters) are also
common on shelf bank tops and slopes. Commonly these de-
pressions occur in an overlapping sequence that forms a linear
feature. In some places these depressions are associated with
the grooved features that are more obviously identifiable as ice

gouges. Coast-perpendicular ridges and furrows a few meters
high and spaced about 100 meters apart are believed to be
related to glacial advances onto the shelf. During the cruise, we
frequently observed that tabular icebergs were aligned on the
shelf indicating their grounding along the flanks of seafloor
ridges. Apparently modern and ancient ice-related processes
are dominant in determining the shape and character of the
seafloor in this shelf environment.

The sediment core samples collected on the continental shelf
consist of: (1) diatom ooze from a deep-shelf basin, probably
deposited in this quiet sedimentary environment by modern
biogenic processes; (2) a pebbly mud on the flank of the basin,
probably emplaced by Pleistocene glacial or glacial-marine pro-
cesses; and (3) sand on a bank top that is either material deposi-
ted in shallow water during a Pleistocene low stand of sea level
or a modern winnowing product of poorly sorted Pleistocene
glacial sediment. Cores from the continental slope and rise
contain mud and sandy mud that, as X-radiographs show, is
deposited as highly bioturbated, unstratified units (hemi-
pelagites?) sharply interbedded with thinly laminated slightly
bioturbated units (contourites?).

Gases were extracted from the nine sediment cores and ana-
lyzed for hydrocarbons. Samples from tops and bottoms of
cores, which are up to 3.8 meters in length, showed methane to
be the most abundant hydrocarbon, with concentrations typical
of shelf environments. The other higher order hydrocarbon
gases occur in much lower concentrations. It is likely that all the
hydrocarbons have a biogenic source. No obvious evidence was
found for thermogenic gas migration or diffusion, and no gas
seeps were observed. Thus gases were probably generated in
place by low-temperature bacterial decay.
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Bottom water circulation in the South
Australian Basin during the last 3.2
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B. V. BRAATZ

Woods Hole Oceanographic Institution/Massachusetts
Institute of Technology Joint Program in Oceanography

Woods Hole, Massachusetts 02543

B. H. CoRLIss

Department of Geology
Duke University

Durham, North Carolina 27706

Deep-sea benthonic foraminifera were analyzed from three
Eltanin piston cores (E45-21, E49-53, E50-2) to infer bottom water
circulation fluctuations in the western South Australian Basin
during the past 3.2 million years. This study provides the most
detailed record of Quaternary and late Pliocene Antarctic Bot-
tom Water history in the southeast Indian Ocean at the present
time. Two bottom water masses, Antarctic Bottom Water (AABW)
and Circumpolar Deep Water (CDw) are currently found in the
southeast Indian Ocean. AABW is believed to be a blend of
bottom waters formed along the Adélie Coast and in the Ross
Sea, which mixes with Antarctic Circumpolar Water as it travels
northward away from the antarctic continental shelf (Gordon
1974; Gordon and Tchernia 1972). The AABW in the South Indian
Basin has potential temperatures of -0.5-0.4'C, salinities of
34.68-34.70 parts per thousand, and dissolved oxygen values of
5.0-5.6 milliliters per liter. The CDW has potential temperatures
of 0.8-1.2°C salinities of 34.72-34.74 parts per thousand, and
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dissolved oxygen values of 4.4-4.8 milliliters per liter. In the	ated (potential temperatures of 0.6-0.8°C and dissolved oxygen
South Australian Basin, mixing of these two water masses re-	values of 4.8-4.9 milliliters per liter) AABW is present. The sur-
suits in bottom water with intermediate hydrographic proper-	face distribution of these faunal associations suggested that
ties (potential temperatures of 0.4-0.8°C, salinities of	AABW flows northward through the Southeast Indian Ridge at
34.70-34.72 parts per thousand, and dissolved oxygen values of	approximately 110°E, and then forms a cyclonic western bound-
4.8-5.0 milliliters per liter).	 ary undercurrent in the South Australian Basin (figure 1). The

Factor analysis of surface benthonic foraminiferal census data	three cores considered in this study were taken from water
from the southeast Indian Ocean (Corliss 1979) revealed two	depths of 4,237-4,242 meters, just north of the inferred path of
faunal assemblages associated with these water masses. One	AABW, in a region presently overlain by water with hydro-
assemblage, marked by the presence of Epistominella umbonifera,	graphic properties intermediate between AABW and CDW (po-
Planulina wuellerstorfi, Globocassidulina subglobosa, Pullenia bull-	tential temperature of 0.7°C, salinity of 34.72 parts per thou-
oides, and Oridorsalis tener, was found coincident with AABW.	sand, and dissolved oxygen value of 4.9 milliliters per liter).
Two subgroups were found within this association. Epis-	The relative abundances of E. umbonifera, Uvigerina spp., and
tominella umbonifera dominated the fauna where the colder and	E. exigua are plotted against depth for each core in figure 2. The
fresher (potential temperatures of - 0.2-0.4°C and dissolved	magnetostratigraphy of each core (figure 2) is from Allison and
oxygen values of 5.2 milliliters per liter) AABW is found and G.	Ledbetter (1982), with the magnetic polarities in E45-21 rein-
subglobosa dominated the fauna where warmer and less oxygen-	terpreted using biostratigraphic data of Daniel (1983). Age as-
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Figure 1. Physiographic map of the southeast Indian Ocean showing the 2,000-,3,000-,4,000-meter depth contours (Heezen, Tharp, and Bentley
1972), as well as the locations of the three cores analyzed in this study and the Recent distribution of dominant benthonic foraminifera
established by Corliss (1979). The shaded area Is marked by a dominance of Uvigerina spp. and Epistominella exlgua, the cross-hatched area
by a dominance of Globocassiduilna subglobosa, and the hatched area by a dominance of Epistominalla umbonifera. The route of Antarctic
Bottom Water (&Bw), suggested by the faunal data, is Indicated by closed arrows. An additional route for AABw, inferred from hydrographic data
(Gordon and Molinelli 1975; Rodman 1977), is indicated by open arrows.
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Figure 2. A. Percentage of E. umbonifera and 0. tener versus depth and magnetostratigraphy. B. Percentage of Uvigerina spp. and E. ex!gua
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signments are made to polarity boundaries using Harland et al.
(1982). A continuous stratigraphic record was found in E50-2,
but a hiatus is present from the middle Matuyama Chron
through the upper Bruhnes Chron in E49-53, and in the upper
Matuyama Chron in E45-21.

In all three cores, E. umbonifera dominates discrete intervals
during the Gauss and Matuyama Chrons. During the Gauss
Chron, F. umbonifera displays a general decrease in abundance,
from high values around 60 percent at about 3 million years, to
approximately 40 percent at the end of the Gauss. From the
Gauss-Matuyama boundary (2.48 million years) to the bottom of
the Olduvai Event (1.87 million years), the abundance of E.
umbonifera first drops dramatically to about 10 percent, then
increases to high fluctuating values (20-60 percent). During the
upper Matuyama (1.87-0.73 million years), which is best repre-
sented in E50-2 due to hiatuses in E45-21 and E49-53, the abun-
dance of E. umbonifera first fluctuates about high values (40-50
percent), and then decreases to approximately 10 percent. Dur-
ing the Bruhnes (0.73 million years to the present) the abun-
dance of E. umbonifera stays low (2-15 percent), except for values
fluctuating about 35 percent in E45-21 during the late Bruhnes.
In all three cores, the periods of low E. umbonifera abundance
during the Gauss and Matuyama Chrons are marked by high
abundances (15-35 percent) of 0. tener.

The Uvigerina spp. and E. exigua abundance records in all
three cores display low values throughout the Gauss and lower
Matuyama Chrons. During the upper Matuyama, the abun-
dance of E. exigua increases steadily, and the abundance of
Uvigerina spp. maintains values between 0 and 2 percent until
the end of the Matuyama when there is a sharp increase. During
the Bruhnes Chron, the abundances of both F. exigua and
Uvigerina decrease slightly before showing a general increase to
the present.

The variation in the relative abundances of E. umbonifera is

inferred to reflect changes in AABW circulation during the past
3.2 million years. A number of studies have demonstrated a
correlation between the distribution of E. umbonifera and AABW
(Streeter 1973; Schnitker 1974; Lohmann 1978, 1981; Resig 1981;
Corliss 1979, 1983). Recent work (Bremer and Lohmann 1982)
indicates that the most likely property of AABW responsible for
its association with E. umbonifera is undersaturation with respect
to calcium carbonate. Periods of high abundance of E. urn-
bonifera in E45-21, E49-53, and E50-2 suggest time intervals
when more AABW was produced, relative to today, enabling the
colder, fresher AABW which is presently found in the South
Indian Basin and along the southern flank of the Southeast
Indian Ridge, to flow through fracture zones into the South
Australian Basin. This caused a widening of the AABW western
boundary current in the South Australian Basin relative to the
present, at least to the extent that the locations of E45-21, E49-53,
and E50-2 were overlain by this colder, fresher AABW.

The abundance of Uvigerina spp. in surface sediments has
been related to high levels of organic carbon (greater than 1
percent) (Miller and Lohmann 1982; Lutze and Coulbourn
1984), and shown not to be related to bottom-water dissolved
oxygen (Corliss 1983). The presence of high abundances of
Uvigerina spp. in the tops of all three cores in this study is
inferred to reflect higher amounts of organic matter in the
sediments at the Matuyama-Bruhnes boundary and during
most of the Bruhnes.

Little can as yet be inferred from the fluctuations in abun-
dance of 0. tener and E. exigua since previous studies have not
yielded consistent associations between these taxa and specific
environmental parameters. 0. tener has been shown to be a

cosmopolitan species, associated with a variety of environ-
ments (Belanger and Streeter 1980; Corliss 1979; and Lohmann
1981). The presence of 0. tener during relative lows of E. urn-

bonifera abundance during the Gauss and Matuyama Chrons
suggest that it is an opportunistic species which dominated the
fauna during periods of moderation in AABW circulation.

This study supports previous work in the southeast Indian
Ocean which has shown that E. exigua coexists with Uvigerina

spp. in association with CDW and with bottom water with hydro-
graphic properties intermediate between AABW and CDW (Cor-
liss 1979). The environmental parameter(s) which is controlling
the presence or absence of E. exigua is not yet clear, however,
since data from the North Atlantic indicate that an association
exists between F. exigua and colder, fresher water masses
(Streeter 1973; Schnitker 1974).

The benthonic foraminiferal census data from E45-21, E49-53,
and E50-2 provide a detailed record of AABW circulation in the
South Australian Basin during the past 3.2 million years. The
data suggest three periods of increased influx of colder, fresher
AABW relative to present day conditions: the lower to middle
Gauss (3.2-3.6 million years), the lower Matuyama (2.3-2.0 mil-
lion years), and the middle Matuyama (1.87-1.3 million years).
During the Bruhnes Chron, the influx of cold, fresh AABW
waned, causing a decrease in the lateral extent of the AABW
western boundary current in the South Australian Basin, and a
shift in bottom water characteristics over the locations of E45-21,
E49-53, and E50-2 to those intermediate between AABW and
CDW. Surface-water productivity is suggested to have been
higher for a brief period at the end of the Matuyama, and then
during the Bruhnes, than during the Matuyama and Gauss
Chrons.

This work was supported by a graduate student research
fellowship through the Woods Hole Oceanographic Institution
Education Department and by National Science Foundation
grant DPP 82-16539.
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Preliminary report on diatoms from
the Deep Lake terraces, Vestiold Hills,

Antarctica
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Deep Lake* (latitudes 68°22' and 68°40'S longitudes 77°49'
and 78°33'E) is one of the two most saline lakes in the Vestfold
Hills. (See figure 1.) This thalassic lake is one of the largest in
area (1.1 by 0.7 kilometers) and has a depth of 36 meters. Deep
Lake originated from the sea. Through slow evaporation, its
salinity increased and its elevation decreased over time until it
attained its present-day levels: a salinity of 28 parts per thou-
sand and an elevation of 50.4 meters below sea level. The lake is
thermally stratified with a surface temperature of - 20°C during
winter and + 10°C in summer while the bottom 15 meters re-
main constant at about - 14°C throughout the year (Kerry etal.
1974). Figure 2 shows depth, temperature, and daily wind run
at Deep Lake from October 1973 through July 1975. A variety of
blue-green algae, diatoms, and bacteria live at all depth of the
lake (Kerry et al. 1974).

During December 1974, K.R. Kerry and R. Williams of the
Antarctic Division of the Australian Department of Science and
Technology collected 72 samples (numbered ACTC-1 through

ACTC-36 for samples from the southeastern shore terrace and
ACTC-37 through ACTC-72 for samples from the western shore
terrace). Samples were collected at 1.6-meter intervals. We then
studied sediment composition, faunal content, and diatom
structures of the samples.

The sediment is loose, powdery, and unconsolidated. It is
composed of coarse, angular, and rounded grains of sand to silt-
size fractions. Its constituents are pyroxene, garnet, biotite, and
quartz with fragments of pyroxenite, quartzite, permatite,
gneiss, and glacial debris. Halite and mirabilite crystals are
common.

Crespin (1960) made a general study of foraminifera of the
lake sediments of the Vestfold Hills. She restricted her report to
the six new species identified and some rare forms, but Setty,
Williams, and Kerry (1980) made a detailed study of all the
foraminifera occurring in Deep Lake terraces. The associated
ostracode fauna revealed the presence of psychrospheres in the
sediment (Setty and Williams in press).

wasters $hors
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*The Deep Lake referred to in this article is located in the Vestfold Hills,
Princess Elizabeth Land and is shown in a map produced by the
Division of National Mapping, Department of Resources and Energy,
Canberra, Australia in Association with the Antarctic Division, De-
partment of Science and Technology, Hobart, Tasmania. "Deep Lake"
is not an official name.
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Figure 1. Map of Deep Lake and Its terraces, Vestfold Hills, Ant-
arctica (Setty et al. 1980).

88	 ANTARCTIC JOURNAL



N

k

Figure 2. Depth, temperature, and daily wind run data from October
1973 to July 1975 of Deep Lake area, Vestfold Hills, Antarctica (Setty
et al. 1980).

The faunal content of the sediment is sparse and restricted to
a few stations. This disparity in abundance, scarcity, or even
total absence of microfauna at various stations of the two trans-
ects at identical depth levels/terraces appears to be unnatural;
however, it may possibly be due to the changes in the wind run,
velocity, and wind direction in the region and the continuous
decrease in salinity of the lake. It is likely that the microfossils
are wind blown differentially and deposited elsewhere. A few
benthonics are common to both the Ross Sea and Deep Lake.

Ten samples from the Deep Lake terraces were prepared for
diatom analysis using the method described by Setty (1966).
Prepared samples were examined using a Leitz Dialux 20 micro-
scope at 630x and 1000x (oil immersion). Each sample was exam-
ined exhaustively. Five of the samples (ACTC-39 7-4, ACTC-39
7-5, ACTC-39 7-6, ACTC-38 3-2, and ACTC-38 3-3) were barren.
One sample (ACTC-39 7-7) was broken and could not be exam-
med. The remaining four samples contained a total of only eight
diatom specimens. Therefore, the results reported here are
tentative and subject to modification when more material from
the Deep Lake terraces becomes available.

Sample ACTC-39 7-1 contained one specimen of the genu
Cyclotella, possibly C. stelligera Cleve and Grunow in van
Heurck (1881) or C. glomerata Bachmann (1911). Samples
ACTC-39 7-2 and ACTC-39 7-3 contained a total of three spec-
imens of the genus Triceratium, which we tentatively identify as
T arcticum Bnghtwell (1853). Sample ACTC-38 3-1 contained
four specimens of the genus Porosira, probably P. glacialis
(Grunow) Jorgensen (1905), of all which appeared to be rela-
tively large for this genus.

The paucity of the diatom flora in the Deep Lake terrace
samples would normally inhibit us from publishing for lack of

data. In the present case, however, data are presented because
several details concerning these samples have not been noticed
previously in antarctic material, suggesting that further work
might provide information useful for describing diatom dis-
tributions in the Antarctic.

Cyclotella stelligera and C. glomerata are common non-marine
species (Hustedt 1930, p. 340) found inlacustrine deposits, melt
ponds, and lakes in the dry valley region of Antarctica (D.
Kellogg et al. 1980; unpublished data). They are also present in
low abundance in marine sediments from the Ross and Weddell
Seas (D. Kellogg, unpublished data), although they were not
previously mentioned by Truesdale and Kellogg (1979) or Kel-
logg and Truesdale (1979). We believe that occurrences in ma-
rine sediments represent transport of diatom frustrules from
adjacent non-marine environments, possibly by ice rafting.
This belief stems from our observation that both species are
commonly found in melt ponds and sediments on the McMur-
do Ice Shelf (Kellogg and Kellogg 1984). The presence of either
C. stelligera or C. glomerata in Deep Lake terrace sample ACTC-39
7-1 is completely consistent with the fossil distributions of these
species in the dry valley region of Antarctica.

The four specimens of Porosira found in sample ACTC-38 3-1
are somewhat larger than other specimens of this genus we
have seen previously. We have observed the species Porosira
pseudodenticulata (Hustedt)Jouse (1962) in sea-ice samples from
McMurdo Sound. In these samples, collected at various times
during the year, P. pseudodenticulata was abundant in summer
ice. Krebs (1977) found both P. pseudodenticulata and P. glacialis in
sea-ice samples from Arthur Harbor, and also reported P.
glacialis in plankton samples from Arthur Harbor. The arrange-
ment of aereolae in our samples more closely resembles P.
glacialis, but if our four specimens from the Deep Lake terraces
belong to either of these species, we would have to infer a
marine component in the diatom flora. Because the large size of
the specimens (over 100 micrometers) in ACTC-38 3-1 exceeds
the published size for P. glaciallis (30-70 micrometers), we are
unable to assign the specimens to this species with certainty (we
may be looking at a new species). We know of no other species of
the genus Porosira that have been reported from Antarctica.

We have not encountered the genus Triceratium previously in
our studies of antarctic sediments, but McCollum (1975, figure
8) apparently recorded three different species in Deep Sea Drill-
ing Project site 274 (collected north of the Ross Sea). Most
species of this genus inhabit the littoral marine environment
(Hustedt 1930). Our specimens are tentatively identified as T.
arcticum Brightwell (1853), a marine species (Hustedt 1930, p.
816-818) not reported by McCollum (1975). This is the same
taxon reported by Krebs (1977) as Trigonium arcticum (Bright-
well) Cleve (1868), a benthic species. We follow Hustedt (1930),
who preferred Grunow's (1880) classification of this species as
Triceratium arcticum.

The one clear conclusion we can draw from diatoms in the
Deep Lake terraces is reworking, or mixing, of marine and non-
marine material. This conclusion is based on the co-occurrence
of marine (Porosira and Triceratium) and non-marine (Cyclotella
cf. stelligeralgiomerata) diatoms. Further support for the presence
of marine material comes from the foraminiferal study of the
Deep Lake terraces by Setty et al. (1980). Documentation of
reworking suggests that further diatom work in the Vestfold
Hills area has the potential for providing useful information on
the glacial history of this portion of the east antarctic ice sheet,
following procedures like those used in our earlier studies (Kel-
logg, Truesdale, and Osterman 1979; Kellogg and Kellogg 1981).
This is a particularly important conclusion because little is cur-
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rently known about this part of Antarctica, much less its glacial
history.
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Surficial sediments on the seafloor near Antarctica are often
rich in recycled palynomorphs—spores, pollen and dinoflagel-
lates. These derive from the erosion of sedimentary sequences
either on the continent, where they are usually hidden beneath
thick ice cover, or on the continental shelf. The palynomorphs
have been transported seaward by processes of glacial entrain-
ment, followed by meltout beneath grounded ice shelves or
floating ice. Their distribution and density are useful in predict-
ing the location of hidden sedimentary sequences; their value is
much enhanced where patterns of ice flow to the depositional
area are understood, allowing constraints to be placed on the
provenance of the recycled fossils. For example, in the Ross Sea,
Truswell and Drewry (1984) correlated high palynomorph den-
sities in the southeastern Ross Sea with discharge from Ice
Streams D and E flowing from West Antarctica; source beds

were thus predicted to lie in the catchment areas of these
streams near the head of the Ross Ice Shelf.

Palynomorphs in the Weddell Sea. In the Weddell Sea, recycled
palynomorphs were reported previously (Kemp, 1972;
Truswell, 1983) but sampling was too sparse for these occur-
rences to be related to source areas. Recently, more material has
become available from the eastern Weddell Sea, and, although
geographic coverage of the region is still meagre, there is now
enough information to make 'educated guesses' about the posi-
tion and age of sedimentary sequences on the continental shelf.
Samples were obtained by piston coring during cruises of the
USCGC Glacier in 1969-1970, and the ARA Islas Orcadas in 1978.
They cover an area from the Princess Martha Coast, where the
samples come from the continental shelf and slope offshore
from the Riiser-Larsen Ice Shelf (sites 3-11-4, 3-13-1, 3-17-1 and
1578-28) southwest to a region on the continental shelf offshore
from the Luitpold Coast and immediately to the north of the
Filchner Ice Shelf (sites G15, G16, 3-1-2, G17, G2 and 2-19-1 (see
figure). Lithologically, samples at the sites include both basal
tills and transitional glacial marine sediments.

Palynomorphs were recovered, in varying densities, from all
sites. At most sites several samples were examined from each
core, from depths of up to 2 meters. No appreciable vertical
variation in palynomorph composition was observed at any site.
At all sites, palynomorph assemblages are dominated by taxa
which elsewhere have stratigraphic ranges spanning the Late
Jurassic to Late Cretaceous. Tertiary forms are present at most
sites but are a very minor component. Most of the material
suggests derivation from source beds of Neocomian through
Cenomanian age. This situation differs from that of the Ross
Sea, where Paleogene palynomorphs dominate.

The sites fall into two regions or provinces on the basis of
their palynomorph content. The northeastern suite of sites, off
the Princess Martha Coast (viz, sites 3-11-4, 3-13-1, 3-17-1 and
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1578-28) all contain assemblages dominated by marine dino-
flagellates; spores and pollen are present, but subordinate. The
most common dinoflagellate is Cribroperidinium muderongense,
which in Australia ranges from Aptian to Cenomanian. Also
present in all samples is Diconodinium davidii, with a range in
Australia of mid-Aptian to Albian (Morgan 1979). Other less
common elements are Cyclonephelium membraniphorum, of Late
Albian to Cenomanian range, and Pareodinia ceratophora, which
is most common in the late Neoconian to Albian. Spores and
pollen in the samples are mainly long ranging within the Cre-
taceous. This assemblage suggests derivation from source beds
of marine origin, and of Aptian through Cenomanian age.
Present too in this province are rare Paleogene dinoflagellates;
these include Areosphaeridium diktyoplokus, Vozzhenikovia rotun-
dum, Deflandrea macmurdoense and Deflandrea antarctica, all of
which belong to a distinct high-latitude Eocene suite (Wilson
1967; Haskell and Wilson 1975; Wrenn 1981).

Sites in the southwest, (sites G15, G16, 3-1-2, G17, G2, and
2-19-1), in contrast to those from the Princess Martha Coast,
contain no dinoflagellates. Spores and pollen are abundant and
usually well preserved. Commonest are fern spores referable to
Cicatricosisporites and Contignisporites; also Leptolepidites ver-

rucatus. Common too is pollen referable to the podocarpaceous
taxa Podocarpidites and Microcachryidites. A few species have
restricted ranges within the Cretaceous—included here are Ap-

pendicisporites distocarinatus, which in Australia ranges from Al-
bian to Turonian, Coptospora paradoxa, which in Australia is a
zone fossil for the Albian, and the megaspore Balmeisporites

glenelgensis, with a Cenomanian to Santonian range. The aggre-
gate ranges of the material recycled in this province suggests
that source beds span an Early through Late Cretaceous inter-
val, Neocomian to perhaps Santonian. In the samples of this
suite, there is also a greater abundance of fine woody debris and
plant tissue than there is in the Princess Martha Coast samples.
This, together with the notable absence of dinoflagellates, sug-
gests derivation from strata of terrestrial origin.

Ice flow patterns and possible provenance. Examination of pat-
terns of ice flow into the Weddell Sea allows some constraints to
be placed on the possible sources of the recycled fossils. Ice flow
patterns summarized by Drewry (1983), show that the north-
eastern suite of samples, off the Princess Martha Coast, is likely
to have been deposited during phases of expansion of the
Riiser-Larsen Ice Shelf (see figure). Ice feeds into this shelf from
a relatively small catchment area in the northwestern sector of
Dronning Maud Land. Thick sequences of sediments have re-
cently been identified by seismic reflection profiling offshore
from the Riiser-Larsen Ice Shelf. On the continental margin
there, Hinz and Krause (1982) identified four depositional units
separated by unconformities. The deepest unit, a prism of sea-
ward-dipping strata, they termed the 'Explora Wedge,' suggest-
ing a pre-Cretaceous age for it. Overlying units, on the basis of
theoretical considerations of erosive events, they suggested to
be of Cretaceous through Neogene age. It seems likely that the
source of the recycled palynomorphs at sites 3-11-4, 3-13-1,
13-17-1 and 1578-28 are correlative sequences on the continental
shelf. Norwegian seismic records from this region do show a
widespread glacial(?) erosional surface on the shelf (Elverhoi
and Maisey 1983) perhaps resulting from phases of expansion
of the Riiser-Larsen shelf. Cores 3-17-1 and 1578-28 display all
the characteristics of tills (Anderson et al. 1980). Cores 3-13-1
and 3-11-4, which lie on the continental rise and slope respec-
tively, are thought to have penetrated fine-grained turbidites
and debris flow deposits, probably derived through glacial ero-
sion of the shelf.

Core locations, ice flow lines, bathymetry, and distribution of non-
marine and marine Cretaceous palynomorphs.

The recycled material confirms a Cretaceous age for part of
the sequence, and indicates too that much of it is marine in
character. There is a suggestion of a marine Eocene interval, too,
but no indication of pre-Cretaceous sediments. Little weight
should be placed on this negative evidence for older strata,
however, because palynomorphs can be destroyed by meta-
morphism associated with burial or volcanism.

Sites in the southwestern Weddell Sea (G2, G15, G16, G17,
2-19-1 and 3-1-2, figure), which are dominated by non-marine
Cretaceous forms, lie just seaward of the discharge points of ice
streams flowing in a northwesterly direction through the Fil-
chner Ice Shelf (figure). All of the cores penetrated sediments
that are interpreted as basal tills (Anderson et al. 1980). The
catchment area drained by these ice streams encompasses a
large area of Coats Land and Dronning Maud Land, and in-
cludes major streams passing through the Theron Mountains
and the Shackleton Range. Given this pattern of ice flow, it is
perhaps striking that there is only minor evidence of input from
Palaeozoic strata as sequences of this age occur in the Theron
Mountains and Whichaway Nunataks. Samples 2-19-1 and G2
do contain isolated specimens of taeniate disaccate pollen
grains, probably of Permian age, and sample G15 contains a
small percentage of darkened unidentifiable spores which
could be Palaeozoic, but these are very minor components. It is
possible that they derive from the Beacon Supergroup se-
quences mentioned; spore preservation in these must be much
affected by dolerite intrusion.

The predominantly Cretaceous composition of the as-
semblages in this sector suggests that the major area of deriva-
tion has not been the Transantarctic Mountains, but rather,
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sedimentary sequences lying seaward of these mountains. The
source of the Mesozoic palynomorphs seems most likely to be
in topographically low regions such as the northern end of the
Thiel Trough and the Crary Trough, beneath the Filchner Ice
Shelf (figure). The presence of substantial thicknesses of sedi-
ment below the Filchner and Ronne Ice Shelves has been sug-
gested on the basis of Russian and Norwegian geophysical data
(summarized in Behrendt 1983) and deep seated glacial erosion
of Crary Trough has been demonstrated by Elverhoi and Maisey
(1983).

The two northernmost sites in this province, sites G2 and
2-19-1, could have lain in the path of ice from a previously
expanded Filchner Ice Shelf; their palynological composition is
essentially the same as those sites immediately north of the
present front of that ice shelf. Expansion and grounding of the
Filchner Ice Shelf through Crary Trough and to the edge of the
continental shelf has been suggested on the basis of till distribu-
tion (Anderson et al. 1980; Elverhoi and Maisey 1983); such
expansion seems likely to have effected the transport of pal-
ynomorphs in this area.

Finally, it should be pointed out that sampling density in the
Weddell Sea is as yet too sparse to allow detailed and confident
assessment of source area localities to be made. Correlation
between the palynomorph provinces described here and the
petrologic provinces identified by Andrews (Antarctic Journal,
this issue) is broad; the southwestern microfossil province cor-
responds approximately to provinces I to IV of those authors
which are characterized by a variety of rock types; the north-
eastern palynological province, with its marine Cretaceous
component, corresponds to petrological province V. Basalt and
andesite pebbles distinguish the latter province, which sug-
gests that sediments providing a source for the recycled micro-
fossils may be part of a largely volcanic sequence.

These preliminary data suggest that palynomorphs were
transported and deposited in the Weddell Sea by processes
associated with either ice sheet or ice shelf expansion. The
recognition of clear provinces on the sea-floor suggests that, as
in the Ross Sea, there has been little redistribution of the re-
cycled microfossils by bottom currents after their deposition.
These interpretations are consistent with those of Andrews
(Antarctic Journal, this issue) who conducted an independent

petrologic examination of glacial and glacial-marine deposits of
the eastern Weddell Sea.
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Petrology of Weddell Sea glacial
sediments: Implications for

provenance and glacial history

B. A. ANDREWS

Department of Geology
Rice University

Houston, Texas 77251

Limited outcrop exposure restricts our understanding of ant-
arctic subglacial geology. Additional evidence for the geology of
this ice-covered continent is perhaps best obtained through
investigations of terrigeneous sediments deposited on the ant-

arctic continental margin. In this study, petrologic analyses
were conducted on glacial and glacial-marine deposits cored on
the Weddell Sea continental shelf to gain increased understand -
ing of the subglacial geology and glacial history of land areas
contiguous to the eastern Weddell Sea.

Piston cores were collected from the Weddell Sea continental
shelf, between 5°W and 50°W, during cruises of the USCGS Glacier
in 1969-1970 and the Am Islas Orcadas in 1978. Basal tills and
glacial marine units were previously identified within the
piston cores by Anderson et al. (1980) using sedimentologic
criteria. Downcore lithologic analyses from this study support
the basal till and glacial marine identifications. The basal tills are
characterized by constant composition downcore, and each till
is distinct in composition from other tills, reflecting the
character of underlying bedrock along particular ice flow lines
(figure 1). Glacial-marine units are also compositionally homog-
eneous downcore, and derivation from the basal zone of an ice
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Figure 1: Ternary diagram of quartz/feldspar (0/F), sedimentary rock
fragment (s), and igneous rock fragment (i) percentages of the
coarse sand fraction of samples taken downcore within basal till
units. Note clustering of samples from common till units, indicating
compositional homogeneity of individual tills.

shelf close to its grounding line is suggested (transitional glacial
marine facies of Anderson et al. 1983).

The presence of basal tills on the Weddell Sea continental
shelf suggests a major expansion and coincident grounding of
the east and possibly the west antarctic ice sheet as far as the
shelf edge. Till lithologies are correlative with east antarctic
rocks, suggesting that expansion within the study area was
chiefly of the east antarctic ice sheet. However, little data exists
for the southwestern shelf of the Weddell Sea where an ad-
vanced west antarctic ice sheet would have grounded, and a
dual expansion of both ice sheets remains a possibility.

The basal tills and transitional glacial marine units were
grouped to form six distinct petrologic provinces on the Wed-
dell Sea shelf (figure 2) using cluster analysis techniques ap-
plied to pebble and coarse-sand data. Most of the province
boundaries extend inland along the east antarctic coast parallel
to reconstructed ice paleoflow lines. Identical lithologies with
similar percentages of occurrence are observed in both the
pebble and coarse-sand modes of basal tills located up to 100
kilometers from coastal outcrops, indicating that comminution
is not effectively biasing till compositions.

The basal tills and transitional glacial marine units are com-
prised chiefly of basic volcanics and quartzose sedimentary
rocks in direct contrast to outcrops of the eastern Weddell Sea
sector, which are dominated by metamorphic lithologies. Till
lithologies suggest that the mountainous outcrops of the region
are not representative of the overall subglacial geology and that

Petrologic provinces	 +
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Figure 2: Petrologic provinces l--Vi on the Weddell Sea shelf. Provinces were defined by cluster analysis groupings of basal tills and glacial-
marine units with similar iithologic distributions.
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a number of sedimentary depocenters must exist beneath the
antarctic ice sheet.

Four provenance areas for the Weddell Sea are recognized: (1)
the Cretaceous-Tertiary prograding shelf of the Weddell Sea, (2)
the recently uplifted Transantarctic Mountains, (3) the Pal-
eozoic-Mesozoic Beacon sedimentary basin, and (4) the Brunt
Megatrough (Kamenov and Ivanov 1983). Correlation between
these provenance areas (as defined by geophysical data) and till
petrologic provinces are remarkably good.

I wish to thank Dennis Cassidy for providing pebble samples
for this study. This research was supported by National Science
Foundation grant DPP 81-16623 to John B. Anderson.
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Sedimentologic and
paleoceanographic implications of

terrigenous deposits on the Maurice
Ewing Bank, southwest Atlantic Ocean

S. E. MACDONALD

Department of Geology
Rice University

Houston, Texas 77251

The Maurice Ewing Bank (MEB), representing the easternmost
portion of the Falkland Plateau (figure 1), provides a remarkably
unique environment in which to study deep-sea clastic sedi-
mentation. A number of key sedimentological problems in this
region have not been previously addressed. One of the impor-
tant questions concerns the existence of terrigenous deposits in
this deep-sea environment. Visual examination of piston cores
reveals the presence of a widespread, coarse-lag deposit and
sand bodies on the MEB. It has been well established that ter-
rigenous material reached the bank as ice-rafted detritus (IRD)
(Plafker, Bartsch-Winkler, and Ovenshine 1977; Bornhold 1983).
Strong impinging currents, developed primarily as a result of
the opening of Drake Passage, have subsequently eroded,
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Figure 1. Bathymetric and physlographic map of the Falkland Plateau and adjacent environs (after Rabinowitz et al. 1978). Maurice Ewing Bank
study area is outlined by rectangle. (Bathymetry measurements are in meters.)
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sorted, redistributed, and ultimately deposited this glacially
derived material.

Studies of surface sediment distribution, micropaleontology,
and oceanographic data were previously used to infer the late
Miocene to Recent oceanographic and climatic regimes influ-
encing sedimentation on the MEB (Ciesielski and Wise 1977;
Ciesielski, Ledbetter,and Ellwood 1982). Causal relationships
between bottom scour, current intensification, and glacial epi-
sodes were postulated. The purpose of this study was (1) to
investigate sedimentary processes responsible for deep-sea
sand occurrences on the bank and (2) to explore the possibility
that the observed form of sedimentation is related to intensifica-
tion of circumpolar currents resulting from climatic
fluctuations.

Grain-size distributions of sediment samples were used to
identify styles of sediment transport and current velocities at
the benthic boundary layer. These data, along with physical
oceanographic information, allowed for examination of the rela-
tionship between sedimentation on the bank and circumpolar
currents. Similar analyses were conducted for down-core sam-
ples to investigate the history of bottom current flow.

Grain-size analysis indicates that modern sediment distribu-
tion is controlled by both bottom and surface currents and is
modified by mass-flow processes. Present and past energy regi-
mes acting on the Maurice Ewing Bank were determined using a
newly derived velocity curve (Singer and Anderson 1984) relat-
ing grain size to current speeds. Results of this data suggest a
uniform energy regime of 8-12 centimeters per second over the
bank. Physical oceanographic data, in the form of temperature
versus depth profiles and geostrophic velocity profiles, were
used to locate the bank spatially within the Antarctic Circum-
polar Current system. The MEB is situated within the Polar
Frontal Zone. Geostrophic velocity profiles constructed from
hydrographic stations over the bank indicate current speeds on
the order of 5-10 centimeters per second, which is in reasonable
agreement with the velocities derived from the grain-size data
(8-12 centimeters per second).

The results of this study also demonstrate that misinterpreta-
tions regarding current velocities may result when statistical
parameters such as mean grain size and standard deviation
(sorting) are used as indicators of bottom current strength.
Sediment distribution on the bank is one in which the gravel,
sand, silt, and clay concentrations vary in a rather random
fashion, and grain-size parameters fail to show any coherent
pattern. However, total grain-size data, examined in light of
sediment transport modes and current velocities, along with
hydrographic information, indicate a constant energy regime
acting on the MEB.

Current velocities assigned to down-core samples indicate
that no major fluctuations in circumpolar current flow over the
bank have occurred since Plio-Pleistocene time (figure 2). These
results refute the previously inferred causal relationship be-
tween current intensification and glacial conditions based on
the identification of biostratigraphic hiatuses. An alternate ex-
planation to bottom erosion and the subsequent creation of
hiatuses is suggested by the abundant occurrence of soft sedi-
mentary clasts, which are largely composed of glauconite and
ice-rafted quartz grains. The presence of these clasts within
pelatic units, containing virtually no IRD, strongly indicates
slumping and debris flow transport. Misinterpretations con-
cerning the existence of hiatuses could result from mass-flow
deposits. The source material on the bank spans Miocene to
Plio-Pleistocene time. Therefore, mass-flow deposits of dif-
ferent ages and from different sources could separate sediments
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Figure 2. Current velocities assigned to down-core samples from the
Maurice Ewing Bank. Cores contain Pliocene Pleistocene to Recent
sediment. ("cm" denotes centimeters. "cm/s" denotes centimeters
per second.)

that were deposited in place. In this fashion, the time stratigra-
phy of the sedimentary units could be artificially altered.

A plausible hypothesis for the MEB is that during Plio-
Pleistocene time, IRD accumulation increased markedly. After
the fine material had been winnowed from the sediment, ar-
mouring occurred which prevented further erosion. Tectonic
activity in the area most likely initiated mass movement allow-
ing clasts, composed of current-sorted IRD, to be incorporated
into the underlying pelagic oozes as they flowed down slope.
Ice-rafted gravels and sands were still accumulating during this
time and were redistributed over the bank and across the sur-
face of mass-flow deposits by moderate bottom currents.

This study has shown that the application of grain-size dis-
tributions to identify styles of sediment transport and current
velocities at the benthic boundary layer, along with physical
oceanographic information, can yield meaningful information
in terms of the sedimentologic and paleoceanographic history
of deep-sea environments. This approach is particularly useful
for regions that are characterized by deposition of poorly
sorted, glacially derived sediments and where the dynamics of
circumpolar currents are poorly understood.

This research was supported by National Science Foundation
grant DPP 81-16623 to John B. Anderson.
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Paleoclimatological indices in the
southern ocean based on

morphological parameters in the
radiolarian genus Antarctissa

A. GRANLUND

Department of Geology
Stockholm University

S-106 91 Stockholm, Sweden

Relationships between radiolarian assemblages and climatic
parameters have been noted by many workers (Hays 1965;
Keany 1973; Lozano and Hays 1976). Such relationships have
been used for establishing paleoclimatologic equations (transfer
functions) (Williams and Keany 1977). In this study, the mor-
phology of the radiolarian genus Antarctissa (A. denticulata—A.
strelkovi complex) is analyzed in relation to physical parameters.
The Antarctissa complex is very abundant in the southern ocean;
it is one of the most common representatives of the Antarctic
radiolarian fauna (Hays 1965; Nigrini 1967; Petrushevskaya
1967; Keany 1973; Lozano and Hays 1976; Williams and Keany
1977). This group is, therefore, suitable for a morphometric
study.

The study area is a latitudinal transect from the southern
Indian Ocean sector of the southern ocean (45°S to 65°S). A pilot
study of five core-top samples from each of the South Atlantic
Ocean, South Pacific Ocean, and southern Indian Ocean
showed that morphologic gradients do not differ among these
oceans. Since more core-top material is available from the
southern Indian Ocean, this ocean was chosen to represent the
southern ocean.

Initially, 50 core-top samples were selected for this study.
Only those 21 samples that contained more than 100 specimens
of Antarctissa per gram sediment were included. These samples
are from an area between 45°S and 65°S. The remaining 29
samples mainly came from the north of 45°S.

To determine whether the core-tops are Recent, counts were
made of the relative abundances of Cycladophora davisiania. In
none of the samples, C. davisiana exceeded 5 percent. Thus,
they reflect Recent conditions (Lozano and Hays 1976). The
absence of Stylatractus universus in all samples indicated that
they are not older than 400,000 years (Hays and Shackleton
1976). The greater than 60-micrometer fraction was used for the
morphologic study. The samples were prepared using an im-
proved version of Moore's (1973) settling technique (Granlund
1983), which provides 32 slides with equally distributed radi-
olarian faunas from each sample. For the measurements, 10
slides, containing about 100 specimens, were randomly se-
lected from each sample.

Seven morphological characters were measured on each
specimen (cephalis width, contour width, thorax width, length

Correlation coefficients for two morphological parameters versus some physical parameters for the South Indian Ocean transect In the
southern ocean

Physical parameters
Morphological	 Silica	Phosphate	.	Oxygen
parameters	 Temperature	Temperature	Temperature	(micromoles	(micromole	 (microlitersA°	 Bb	 Cc

per liter)	per liter)	 per liter)

—0.200

—0.153

Width of cephalis
(in micrometers)
(Vi)	 _0.662d

Width of thorax
(in micrometers)
(V2)	 0.715'

	

_0.631e	_0.685d

	

0.696'	_0.723d

	

0.223	_0.695d	0.6430

	

0.309	- 0.532	0.487

a Annual average temperature, °C
b Winter temperature, °C

Summer temperature, °C
d Denotes significance at the 0.1 percent level.

Denotes significance at the 1.0 percent level.
Denotes significance at the 5.0 percent level.
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Width of cephalis and width of thorax compared to annual average surface-water temperature.

to maximum width of cephalis, length of cephalis, length to
maximum width of thorax, and total length). The measure-
ments were carried out using a microcomputer-based measur-
ing device. This system permits very rapid acquisition of mor-
phologic data. In total more than 7,000 measurements were
made.

Several physical parameters (silica, phosphate, dissolved
oxygen, salinity, summer surface-water temperature, winter
surface-water temperature, annual average surface-water tem-
perature, water-depth, average number of Antarctissa per gram
sediment, and latitude) (Reid 1981) were compared with these
morphological dimensions to determine possible relationships.

Analyses revealed close correlations between surface-water
temperature and the morphological parameters. The width of
the cephalis and the width of the thorax showed the highest
correlation with annual average surface-water temperature (ta-
ble) and are used to illustrate morphological gradients (figure).
The width of the thorax ranges between 90 micrometers at
temperatures of about 0°C and 60 micrometers at 8°C. Similarly,
the width of the cephalis ranges between 55 urn at temperatures
of about 0°C and 40 micrometers at 8°C.

The correlationship between temperature and morphological
parameters thus determined is potentially useful for paleo-
climatological studies in the southern ocean. This may be es-
pecially so in antarctic waters, where calcareous organisms
(planktonic foraminifera and coccoliths), which are widely used
for palecimatic analyses, are rare.

I thank Dennis Cassidy (Florida State University) who gener-
ously provided the core-top samples used in this study; Björn
Malmgren (Stockholm University) who gave valuable com-
ments and suggestions on the manuscript; and Otto Hermelin
(Stockholm University) who helped me with the figures.
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Ranking of selective dissolution of
modern cool-water planktonic
foraminifera, South Atlantic

B. A. MALMGREN

Department of Geology
Stockholm University

5-106 91 Stockholm, Sweden

Because of their abundance in most oceanic environments
and rapidity of evolution, planktonic foraminifera are amongst
the most important indicators of past oceanographic changes.
Their calcite test makes them susceptible to dissolution in the
water column or on the ocean floor. Dissolution is a selective
process; some species are more susceptible to dissolution,
whereas others are more tolerant. Knowledge of differential
dissolution susceptibility of planktonic foraminiferal species is
essential for valid interpretations of faunal changes through
time. Several studies have dealt with ranking of dissolution in
modern planktonic foraminiferal species (Ruddiman and
Heezen 1967; Berger 1968, 1970; Parker and Berger 1971; Adel-
seck 1977; Thunell and Honjo 1981), but none has dealt ex-
clusively with cool-water species that are deposited in areas less
favorable for calcium carbonate preservation. I here summarize
the results of a study of dissolution effects on modern cool-
water planktonic foraminifera from the South Atlantic Ocean.
The study has permitted the integration of these forms within
previous dissolution ranking schemes.

I have analyzed 32 surface-sediment samples from the
Maurice Ewing Bank (eastern Falkland Plateau), South Atlantic
Ocean. The Maurice Ewing Bank is an ideal area for studies of
dissolution in cool waters, because it permits sampling of carbo-

nate-rich sediments from a wide range of water depths. Further-
more, there are no major biogeographic differences along this
narrow latitudinal belt, so differences in faunal compositions
should be due to dissolution. Samples were taken at water
depths of between 1,200 meters and 3,500 meters. The calcium
carbonate compensation depth in this area is at about 3,500
meters (Berger and Winterer 1974). Biostratigraphic analyses
indicate that all samples are of a Holocene age.

Relative abundances of eight species or varieties of planktonic
foraminifera were determined in each sample, using the greater
than 90-micrometers fraction: Globorotalia inflata, G. trun-
catulinoides, Globigerina bulloides, G. quinqueloba, Neoglobo-
quadrina pachyderma sinistral form, N. pachyderma dextral form,
Globigerinita glutinata, and G. uvala. The same fraction was used
to quantify the relative abundances of the following sedimen-
tologic particles: mineral grains (quartz and feldspar), radi-
olarians, benthonic foraminifera, and planktonic foraminiferal
fragments (unidentifiable remains). In addition, I determined
the calcium carbonate contents and also ratios of a dissolution
tolerant species of planktonic foraminifera (G. inflata) in relation
to a more susceptible species (G. bulloides). These variables are,
taken separately, potential dissolution indices, but to determine
a single index, they were subjected to a principal components
analysis. The rationale was to isolate the portions of their vari-
ability that result from dissolution. The first principal compo-
nent displays calcium carbonate contents in an inverse rela-
tionship with relative abundances of mineral grains, radi-
olarians, planktonic foraminiferal fragments, and G. inflata to
G. bulloides ratios and is interpreted as a dissolution index. This
is supported by a general direct relationship observed between
component scores and water depths.

Several species (G. inflata, G. truncatulinoides, and N. pachyder-
ma sinistral form) increase in abundance with increasing dis-
solution, whereas others (G. quinqueloba, N. pachyderma dextral
form, and G. uvula) decrease in abundance (see figure). Two
species (G. bulloides and G. glutinata) do not show any obvious
trends.

Changes in relative abundances of the various species with increasing dissolution (higher scores on the dissolution index).
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To rank the order of susceptibility, I divided the samples into
two groups, the one composed of samples showing moderate
signs of dissolution (negative scores on the dissolution index;
see figure) and the other of more strongly dissolved samples
(positive scores). The differences in relative abundances be-
tween these dissolution regimes were quantified, using gener-
alized distance analysis; these distances form the basis for rank-
ing the species. The order of tolerance to dissolution was found
to be the following: N. pachyderma sinistral form, G. inflata, G.
truncatulinoides, G. bulloides and G. glutinata, N. pachydernia dex-
tral form, G. uvula, and G. quinqueloba. This order generally
agrees well with other ranking schemes (see table). The only
major difference is the relatively low rank given to G. bulloides by
Berger (1970). This might be explained by a difference in dis-
solution between warm- and cool-water morphotypes of this
species.

Sediment samples for this study were obtained from cores
taken during USNS Etanin and ARA Islas Orcadas cruises. The
samples were provided by the Florida State University antarctic
marine geology and core facility, which is supported by the
National Science Foundation.
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Ice-edge zone studies

AMERIEZ 1983: A summary of
activities on board the i/v Melville

and USCGC WeStwind

D. C. AINLEY

Point Reyes Bird Observatory
Stinson Beach, California 94970

C. W. SULLIVAN

Department of Biological Sciences
University of Southern California

Los Angeles, California 90089-0371

As part of the Antarctic Marine Ecosystem Research at the
Ice-Edge Zone (AMERIEZ), 41 scientists on two ships collaborated
in an interdisciplinary oceanographic project in the southern
Scotia and northwestern Weddell Seas. Studies focused on two
major hypotheses: (1) the pack-ice edge is associated with a
major oceanographic front where, due to little-understood pro-
cesses, enhanced biomass and productivity occur and (2) the
seasonal advance and retreat of the ice margin, which is an
ecological interface between two communities, strongly affects
the natural history of most organisms residing in the vicinity. I/
V Melville, from Scripps Institution of Oceanography, provided
a research platform in open waters. Simultaneously, on a com-
plementary track, USCGC Westwind provided a research platform
in the pack ice (figure 1). Scientists on both ships communicated
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Figure 1. Study area during the AMERIEZ experiment In the western Weddell Sea in November and December 1983. Squares represent R/V.
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western transacts from which data for oceanographic sections are taken to evaluate gradients in physical, chemical, and biological properties
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daily to maintain coordination and to transfer information. The
ships departed Punta Arenas, Chile, on 5 November, arrived in
the study area 4 days later, and departed the study area on 3
December 1983. The Melville then steamed to Cape Town, arriv-
ing on 13 December, and the Westwind returned to Punta
Arenas, arriving on 5 December.

The first activity was a joint hydrographic station where in-
struments were intercalibrated between the two ships. This
station was located in the southeast corner of Melville's study
area and the northeast corner of the Westwind's study area (1-3
in figure 1). Before following the station track illustrated in
figure 2, the Melville steamed rapidly along a track designed to
gain an overview of the open-water portion of the study area.
During the preview, along a 100-nautical-mile front (ice edge),
six transects roughly perpendicular to the front and 60-120
nautical miles long were made. Six types of data were gathered
underway on a continuous or repetitive basis (see table).

While the Melville conducted its rapid survey, the Westwind
penetrated the pack ice southward (figure 1). The marginal ice
zone was found to be a broad expanse, including a series of
longitudinal bands of ice in the open ocean to ten-tenths ice
coverage 120 to 190 kilometers south (figure 2). Stations were
occupied 10-20 nautical miles apart, a spacing deemed appro-
priate to resolve mesoscale physical, chemical, and biological
features. On 16 November, the Westwind steamed from loose
pack into an area of ten-tenths coverage, 120 kilometers from
the northern edge of the marginal ice zone. At this position (6 in
figure 1) a 36-hour "superstation" study was conducted includ-

ing scuba diving operations from nearby ice floes. "Winter"
water conditions were observed in this region. The ship then
returned to the ice edge for a 20 November rendezvous with the
Melville, where scientific personnel, equipment, and samples
were transferred. Next, the Westwind made an even deeper
penetration of the pack ice, occupying stations at regular inter-
vals as before.

The Melville completed the preview in 2.8 days and began the
station plan (4 of figure 1). The track started with a long ex-
tended excursion from the marginal pack northeasterly across
the edge of the Scotia-Weddell confluence and then south-
easterly, along the first preview leg, to the position of the
calibration station and the marginal pack ice. Within the south-
ern third of this large triangle, the Melville followed an M-
shaped track, making two 60-nautical-mile-long excursions
away from the two returns toward the ice. Stations were spaced
20-30 nautical miles apart. This brought the ship back to where
the station plan had begun 2 weeks earlier (4 and 31). After a
third rendezvous with the Westwind, the Melville repeated the
western leg of the triangle, occupying stations at the same
positions as on the earlier pass. This track was extended two
station intervals farther north into water that had remained ice-
free during the previous winter.

These tracks allowed us to investigate (1) spatial phenomena
relative to the pack-ice edge, the region of maximal winter
extent of the ice, and the region where "winter" conditions still
existed, and (2) temporal phenomena relative to the retreat of
the marginal ice zone. In all, the Melville and the Westwind

Figure 2. Observations of sea-ice characteristics and concentrations (in tenths) In the marginal Ice zone of the western Weddell Sea during the
AMERIEZ experiment in November and December 1983. Note that the northernmost Ice bands occurred just south of Westwlndstations 2 and 20.
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Additional station
activities, Melville

Micronekton species com-
position, biomass, and
metabolic rates by mid-
water trawl (surface to
1,000 meters) and by
respirometry.

Macrozooplankton com-
position/abundance by
stereophotography.

Additional station
activities, Westwind

Stratification of sea-ice
structure, nutrients,
chlorophyll, microflora,
and fauna by analysis of
ice cores.

Species composition and
abundance of birds by
stationary count.

Underway sampling

Species composition,
abundance, and dis-
tribution of macronekton
(birds and mammals) by
strip census.

Species composition and
abundance of macro-
zooplankton by hydro-
acoustic assessment.

Species composition,	Fluorometric determination
abundance, and dis-	of surface chlorophyll
tribution of mammals by	concentration.
helicopter survey.

Scuba diving for sampling	Expendable bathythermo-
and under-ice photogra-	graph profiling of tem-
phy.	 perature structure of the

upper 200 meters.
Weather and ice condi-

tions.

Oceanographic observations made during AMERIEZ 1983

Standard stations,
both vessels

Temperature/salinity/density structure in the
upper 400 meters by conductivity-
temperature-depth measurements.

Dissolved nutrients in the upper 150 meters by
chemical analysis.

Spectroradiometric measurement of surface
downwelling irradiance and spectral
composition with depth (to 150 meters).

High-pressure liquid chromatographic analysis
of surface dissolved/free amino acid.

Analysis of chlorophyll, biogenic silica
concentration, phytoplankton floristics, and
primary production in the upper 150 meters.

Microscopic analysis of bacterioplankton
biomass and radiochemical estimates of
macromolecular synthesis in the upper 150
meters.

Microfloral and faunal composition and division
rates in the upper 100 meters by vertical
tow.

Macrozooplankton composition in the upper
200 meters by downward fishing net on the
Westwind and by bongo tow on the Melville.

Macrozooplankton abundance by
hydroacoustic assessment.

Presence/absence of squid by automatic
jigging.

Seabird diet by collections and stomach
contents analysis.

completed 43 and 22 stations, respectively (see figure 1). In-
cluded were several "superstations" up to 30 hours long during
which finer resolution time series observations were
conducted.

We are now in the early stages of data analysis. Some trends,
however, are already emerging. At all trophic levels, gradients
of increasing or decreasing abundance/activity were present (1)
along the edge of the marginal pack ice, east to west (upstream
in the Weddell Gyre), and (2) perpendicular to the ice edge,
from the winter water and consolidated pack, to the marginal
ice, to adjacent open water, to water that had been covered by ice
some time earlier, and finally, to water that is always ice free.
Nutrient concentrations (ammonia was not examined) were
abundant at all stations and could not be responsible for the
observed gradients of distribution of phytoplankton blooms.
Not only were spatial changes in biological activity/conditions
evident, but seasonal changes precipitated by the retreating ice
were apparent as well. So rapid was the retreat of the ice edge

that it left behind a biological "vacuum" in recently uncovered
waters which was subsequently colonized in 1-2 weeks, from
northern water.

A second large-scale pattern beginning to emerge involves
the contrast between "winter" conditions in the water column
beneath consolidated pack and "summer" conditions in the
water without ice or covered by loose ice. "Winter" conditions in
pelagic waters of the Antarctic have rarely been investigated in
detail. We were surprised to discover in the "winter" under-ice
community, several micronektonic organisms previously
known to exist only below 300 meters depth in ice-free, "sum-
mer" waters. More detailed analysis should provide insight into
the interaction of light, food availability, and predation in the
vertical migration of these deep-living creatures.

We are gaining an appreciation for the importance of decay-
ing ice floes as faunal and floral refugia. We have observed the
luxuriant growth of algal, bacterial, and protozoan commu-
nities at the surface, interior, and bottom regions of floes which
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are honeycombed with interconnecting pores and channels.
There appears to be a labyrinthine system in some floes which is
freely connected to the underlying water column. Krill (Eupha-

usia superba) and large decapods (Gennados pp.) were observed
to enter the interior regions of the ice through those channels.
This behavior by pelagic invertebrates may relate both to use of
the ice as a refugium and as a grazing area where food is
abundant. These floes may act as small island-like ecosystems
where the biological activities of all trophic levels—algae, bacte-

ria, protozoans, amphipods, decapods, krill, birds, and seals—
are concentrated within the pack ice.

We would like to thank Captain Haines and crew on the
Melville, Captain Honke and the crew on the Westwind, and ITT
Antarctic Services for their support. The direct field assistance
and untiring efforts of Robert Wilson and Lt. J. Leonard were
particularly valuable. Support was provided by National Sci-
ence Foundation grant DPP 82-18752 and by the National Marine
Fisheries Service.

Growth rates, distribution, and
abundance of bacteria in the ice-edge
zone of the Weddell and Scotia Seas,

Antarctica

M.A. MILLER, D.W. KREMPIN,
D.T. MANAHAN, and C.W. SULLIVAN

Marine Biology Research Section
Department of Biological Sciences
University of Southern California

Los Angeles, California 90089-0371

The overall hypothesis of the Antarctic Marine Ecosystem
Research at the Ice-Edge Zone (AMERIEZ) project is that the
marginal ice zone is associated with an oceanographic front
where biomass and biological productivity are enhanced. Our
specific goal was to examine the hypothesis that bacterial pro-
duction contributes significantly to enhanced productivity and
biological activity in the marginal ice zone. To test our hypoth-
esis, data were collected on board the iIv Melville and USCGC
Westwind from 5 November through 2 December 1983 at 59
stations in a 70,000-square-kilometer region of the Weddell and
Scotia Seas (See Ainley and Sullivan, Antarctic Journal, this is-
sue). The vertical and horizontal distribution, activity and
growth rates (u) of bacteria were examined in the sea ice and
water column. In addition, cores of sea ice were obtained at
selected Westwind stations for analysis of nutrients, biomass,
and metabolic activities of the sea-ice microbial community. To
assess the levels of potential heterotrophic substrates present,
we made measurements of naturally occurring dissolved free
amino acids (DFAA) using newly developed techniques involv-
ing high-performance liquid chromatography (HPLC).

The coupling between primary and secondary (bacterial) pro-
duction was also examined.

We looked for a correlation between water column fluores-
cence and bacterial biomass. In vivo fluorescence at the surface
was measured during a 3-day synoptic presurvey of the region
to the north of the ice edge. A Turner Designs flow-through
fluorometer calibrated with extracts of discrete phytoplankton
samples (Strickland and Parsons 1972) taken every 20 kilo-
meters along the cruise track was used to generate a chlorophyll
a surface map of the study area. Surface chlorophyll a con-
centrations ranged from 0.03 to 7.49 milligrams per cubic meter

being greater to the west, as well as toward the ice edge to the
south, as anticipated.

At each station, Niskin bottles were used to obtain discrete
samples through the upper 200 meters of the water column for
fluorometric analysis of chlorophyll a (See Nelson, Smith, and
Gordon, Antarctic Journal, this issue). Simultaneously, replicate
samples were taken and preserved for epifluorescence micro-
scopy (Hobbie, Daley, and Jasper 1977) to obtain corresponding
bacterial cell number and biomass distribution. A four-fold
increase in both bacterial cell numbers and biomass was ob-
served along a combined Melville and Westwind transect which
extended from 120 nautical miles into the pack ice to 160 nautical
miles north of the ice edge. Bacterial cell numbers and biomass
integrated through the water column to a depth of 150 meters
ranged from an average of 7 x 1012 cells per square meter (100
milligrams of carbon per square meter) at the southernmost
Westwind stations to an average of 33 x 1012 cells per square (400
milligrams of carbon per square meter) to the north.

Along this same transect 3 tritiated-thymidine incorporation
rates suggested maximum bacterial growth rates (Fuhrman and
Azam 1980, 1982) in the upper 50 meters of the water column in
the region most recently uncovered by the receding ice, just
north of the ice-edge zone (figure 1). The thymidine incorpora-
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Figure 1. Oceanographic section of western transect in AMERIEZ
study area. Isopleths indicate bacterial cell production rates in units
of 106 cells per liter per day. Distance is along the combined West-
wind/Melvilecruise track north of 62°43.0". (See Ainley and Sullivan,
Antarctic Journal, this issue, for station map.) ("M" denotes meter;
"KM" denotes kilometer.)
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lion rates steadily declined by two orders of magnitude to the
south and by one order of magnitude to the north of the ice-
edge zone. Growth rates ranged from 0.02 per day deep within
the pack ice to 0.4 per day just north of the ice-edge zone,
declining to 0.03 per day further north in the Drake Passage.
These growth rate estimates fit within the range calculated for
other southern ocean regions (Fuhrman and Azam 1980; Hans-
on et al. 1983:0.001-0.45 per day, mean growth rate was 0.09 per
day for 21 samples).

Surface DFAA concentrations along this north-south transect
were low (about 10 nanomoles total). HPLC tracings from three
stations demonstrate the maximum differences that were ob-
served among all samples (figure 2). Westwind station 22, just
north of the ice edge region in an area of high phytoplankton
biomass (see Nelson, Smith, and Gordon, Antarctic Journal, this
issue), had the highest DFAA concentrations found at any sta-
tion. Glutamic acid and an unidentified peak (labelled "?") were
characteristic of the bloom region and did not appear in other
areas. The low DFAA concentrations encountered could be the
result either of low DFAA production rates, or rapid DFAA uptake
by heterotrophs.

Epifluorescence microscopy of samples prepared from seven
sea ice cores revealed a unique vertical distribution of bacterial
numbers, biomass, and cell size frequency for each ice floe
(figure 3). These results will be compared to a variety of other
physical, chemical and biological measurements to investigate
the cause of such variation. The range of bacterial biomass
present in 1-2 meters of sea ice is from 6.15-99.6 milligrams of
carbon per square meter ice, the range of bacterial biomass in
the 100 meters of the water column below the ice is from 24 to
97.5 milligrams of carbon per square meter. Thus the sea ice is a
habitat for a highly concentrated microbial community. We pro-
pose that a Microheterotroph-based food web is associated with
the Weddell Sea pack ice similar to that proposed for McMurdo
Sound (Sullivan and Palmisano 1984). This proposition is based
on the abundance of bacteria within sea ice and ice pore water,
and the observation of large numbers of bactivorous protozoans
such as flagellates and ciliates, which are present in the sea-ice
microbial community (see Garrison, Buck, and Silver, Antarctic
Journal, this issue).

The authors would like to thank L. Geoff Graue, John
Dmohowski, and the captains, crew, and resident technicians
of the it/v Melville and USCGC Westwind. Their assistance
throughout was invaluable in making the cruise a success.

This research was supported by National Science Foundation
grant DPP 82-18752.
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Figure 2. High-performance liquid chromatographic analyses of
amino acids and ammonia in samples taken from three stations.
Each analysis Is of 400 microliters of 0.2-micrometer-filtered sea-
water taken from a surface hydrocast. The bottom tracing (Blank) is
an analysis of 400 microliters of HPLc-grade distilled water. The high
levels of contamination seen in this tracing are due to the fact that
solvents, etc., had to be prepared and placed aboard ship several
months prior to their use. ("Glu" denotes glutamic acid; "nM' de-
notes nanomole; "NH" denotes ammonium.)
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Phytoplankton dynamics of the
marginal ice zone of the Weddell Sea,

November and December 1983
D. M. NELSON and L. I. GORDON

College of Oceanography
Oregon State University
Corvallis, Oregon 97331

W. 0. SMITH

Graduate Program in Ecology
University of Tennessee

Knoxville, Tennessee 37996

During November and early December of 1983 we conducted
a coordinated two-ship study of the phytoplankton and nu-
trient dynamics of the marginal ice zone of the Weddell Sea
aboard the oceanographic research vessel! RIv Melville and the
USCGC Westwind. This work was performed in connection with
the National-Science-Foundation-supported Antarctic Marine
Ecosystem Research at the Ice-Edge Zone (AMERIEZ). The
Melville, with the larger scientific party and greater sampling
capabilities, directed its efforts at the open-water areas to the
north of the ice edge, while the icebreaker Westwind worked
primarily in areas of significant ice cover. Data collected at every
station included nutrients (nitrate, nitrite, ammonium, silicic
acid, and phosphate), chlorophyll, particulate carbon and nitro-
gen, and biogenic and mineral particulate silica. At most sta-
tions carbon-14, nitrogen-15, and silicon-30 tracer experiments
were performed to measure rates of production of biogenic
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particulate matter by the phytoplankton. In addition, silicon-29
tracer experiments to measure biogenic silica dissolution rates
and settling column experiments to measure particle sinking
rates were conducted at selected Melville stations.

The ice-edge zone has often been reported to be the site of
intensified phytoplankton biomass and primary production in
both northern and southern polar regions (e.g., Marshall 1957;
El-Sayed 1971; McRoy and Goering 1974; Alexander 1980; El-
Sayed and Taguchi 1981). We had previously observed elevated
biomass and production levels near the circumpolar ice edge
southeast of New Zealand (Nelson and Gordon 1982) and an
intense phytoplankton bloom at the Ross Sea ice edge near
Victoria Land (Smith and Nelson in preparation). Calculations
based upon the seasonal nutrient depletion predict that there
should be an ice-edge bloom in the Weddell Sea of sufficient
magnitude to increase estimates of the annual primary produc-
tivity of the Weddell Sea by approximately 100 percent (Jen-
nings, Gordon, and Nelson 1984).

During the AMERIEZ cruise we observed a phytoplankton
bloom in the marginal ice zone of the Weddell Sea that was of
approximately the right magnitude to confirm our earlier pre-
dictions. The figure shows the distributions of chlorophyll and
nitrate in relationship to the ice-cover field along a 600-kilo-
meter north-south transect through the marginal ice zone. (See
Miller et al. Antarctic Journal, this issue.) The high biomass core
of this bloom (greater than 1 microgram chlorophyll per liter)
had a north-south extent of 200-250 kilometer and began some-
what to the north of the ice-edge (figure). (It is difficult to define
exactly the location of the "ice edge" because of the complexity
of the ice field, but the bloom began about 100 kilometers north
of the zone where the north-south gradient in ice cover was the
greatest.) The high-biomass core of the bloom had associated
with it a zone of surface nutrient depletion (figure). Comparison
of this nutrient section with the salinity data of Huber and
Mountain (unpublished data) indicates that the nutrient deple-
tion was too severe to have been produced simply by meltwater
dilution. Thus both the chlorophyll maximum and the nitrate
minimum shown in the figure were primarily the result of active
phytoplankton growth within the water column, rather than
simple release of algae-rich, nutrient-impoverished water from
the melting ice.

While all nutrient distributions showed minima at the site of
the bloom, the absolute concentrations of all nutrients re-
mained very high by oceanographic standards (approximately
23 micromolar nitrate, 1.4 micromolar phosphate, 75 micro-
molar silicic acid). These concentrations are well above those
that have been shown to limit phytoplankton growth. Thus,
while nutrients transported to the surface by wind-driven up-
welling have been implicated as a possible mechanism for gen-
erating ice-edge phytoplankton blooms in northern polar seas
(e.g., Alexander and Niebauer 1981) processes other than nu-
trient transport must be involved to produce the Weddell Sea
bloom. One of the central aims of the AMERIEZ project is to
understand what the causal mechanisms are that initiate and
sustain phytoplankton blooms in the marginal ice zone of the
southern ocean.

Our scientific party was divided between the two ships as
follows: aboard the Melville were Walker 0. Smith and Tina
Johnson of University of Tennessee and Joe C. Jennings, Jr.,
Julie A. Ahern, and Margaret Sparrow of Oregon State Univer-
sity; aboard the Westwind were David M. Nelson of Oregon
State University and James Elser of University of Tennessee.
This research was supported by National Science Foundation
grant DPP 82-18758.
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Phytoplankton, ice algae, and
choanoflagellates from

AMERIEZ, the southern Atlantic and
the Indian Oceans

C. A. FRYXELL,
E. C. THERIOT*, and

K. R. BUCK**
Department of Oceanography

Texas A&M University
College Station, Texas 77843

As a part of the Antarctic Marine Ecosystem Research: Ice-
Edge Zone (AMERIEZ) project, collections from the water column
and the ice were made on board the USCGC Westwind, 2

November to 7 December 1983. The icebreaker penetrated
deeply into the sea ice, returned to the edge of the ice for a
rendezvous with the iJv Melville, and then penetrated 190 nau-
tical miles into the ice by 24 November 1983. In the stations
farthest south that still had ice cover and other near-winter
conditions, the phytoplankton from net hauls from the top 200

meters were sparse but diverse, with few resting spores. The
classical antarctic flora was present, mostly diatoms. Chains of
cells were short; single cells were common. There were only a
few dinoflagellates, mostly in the genera Dinophysis and Pro-

toperidinium. There were many empty thecae, but phy-
toplankton in the vegetative stage evidently survived the
winter in cold storage and darkness under the ice.

Small grazers were abundant in all net tows at the farthest
south stations, as were fecal pellets. Animals were more abun-
dant in net hauls than had been expected. The food web is
apparently complex.

In the transect out of the ice after Thanksgiving (24

November), the phytoplankton in the net tows became more
and more abundant. Chains of cells became longer, with some,
such as Eucampia antarctica (Castracane) Mangin, forming spi-
rals, and others, such as Corethron criophilum Castracane (inerme
form) and Rhizosolenia hebetata forma semispina (Hensen) Gran,
forming long, straight golden chains. Thalassiosira tumida (Cas-
tracane) Hasle (figure 1) was well represented and was isolated

*present address: Great Lakes Research Division, University of Michigan,
Ann Arbor, Michigan 48109

**present address: Center for Coastal Marine Studies, University of Califor-
nia, Santa Cruz, California 95064

Figure 1. This Thalassiosira tumida (Janisch) Hasle in a long chain
in the water column outside the ice is living material showing
growth. (Taken 1 December 1983 on board the USCGC Westwlnd.)
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in culture successfully. Beyond the ice edge, the early spring
bloom was dominated by the gelatinous colony formers
Thalassiosira gravida Cleve (a diatom, see figure 2) and the prym-
nesiophyte, Phaeocystis pouchetii (Hariot) Lagerheim. The ant-
arctic phytoplankton population was building up under the
dominants, as well. Even the coarser krill nets were clogged
with these colonies from 29 November through 2 December.
Grazers were not lacking, however, and the bacteria-consuming
choanoflagellates appeared in large colonies at the last station,
even in the net hauls.

The ice algal flora was much more limited and variable in its
flora, and the golden slushy layer under the snow, which was
topped by hard ice, was dominated at times by Phaeocystis and
Nitzschia closterium (Ehrenberg) Smith (a pennate diatom). It

Figure 2. This gelatinous colony of Thalasslosira gravida (not pre-
viously seen in gelatinous colonies, but dominating the diatom
population outside the Ice) Is living material. Each colony contained
up to several hundred cells. (Taken 29 November 1983 on board the
USCGC WeswInd.)

appears that the dominant species in the nearby spring increase
could have been seeded in part by the Phaeocystis in the melting
ice, but the Thalassiosira gravida was not well represented in the
ice and probably came from the water column.

Quantitative work is underway on the ice flora and that from
the water column below after the successful return of the sam-
ples to the U.S. Those samples preserved by glutaraldehyde
and kept refrigerated on the return trip are far superior in
preservation of original morphology to those preserved in the
traditional formalin, although the gelatinous matrix of the colo-
ny formers is destroyed by both preservatives.

Choanoflagellates mentioned above as abundant in the
southern Atlantic have also been found at all depths (0-70
meters) at 12 stations in the Indian Ocean sector of antarctic
waters from samples collected on the SA Aguihas, 16 February to
5 March 1981, in conjunction with the First International Bio-
mass Experiment (FIBEX). Quantitative work just completed on
this cruise shows that numbers have ranged from 4,000-190,000
cells per liter (Buck and Weber in preparation). Thirteen species
were found in 78 samples examined. Although all species oc-
curred throughout the water column, individual species ex-
hibited maxima at different depths. Phytoplankton abundance
from the same Aguihas samples was generally at least an order of
magnitude greater than choanoflagellate abundance, and dif-
ferent kinds of species were characteristic of different geograph-
ic areas (Theriot, Buck, and Fryxell in preparation). Canonical
correlation analysis is being used to relate some of the variance
within individual species of antarctic phytoplankton to en-
vironmental variables (Weber and Buck in preparation).

Comparison of the diatom species found on 12 net hauls from
the Aguihas with those from 64 stations in a tight grid around
South Georgia on the British Antarctic Survey cruise of the RRS
John Biscoe cruise 3, 24 November through 19 December 1981,
showed that generally, species dominant in one area were also
important in the other. However, principal component analysis
of the frequently occurring species in both areas provides some
separation of the Biscoe and the Aguihas samples (Theriot and
Iryxell in preparation). The influence of krill on the species
composition of the net phytoplankton is being explored for both
Agulhas and Biscoe samples (Theriot, Buck, and Fryxell in prepa-
ration; Weber and Theriot in preparation.)

It is interesting to note that the diatom species Thalassiosira
'ravida was once again found as one of the dominants at a series
of stations west of South Georgia, although it was small enough
to slip through the mesh of the net. Perhaps gelatinous colo-
nies, seen alive on the AMERIEZ collections but preserved only as
unicells, were once again involved. The diatom species show
differences in the water masses involved, and these geographic
patterns are related to a number of environmental variables
measured at the same stations in work underway with
B. Heywood and J. Priddle (Theriot, Priddle, and Heywood in
preparation).

Work has continued on the genus Thalassiosira, with a key to
species we have encountered in antarctic waters (Johansen and
Fryxell in press), as well as individual species studied in depth
(Fryxell and Hasle 1983), and progress has been made in under-
standing ultrastructure (Doucette and Fryxell in press). Tem -
perature effects on morphology of diatoms mentioned pre-
viously as an effect in laboratory experiments (Fryxell, Buck and
Theriot 1983; Villareal and Fryxell 1983) are being noted in the
field. Although overwintering does not appear to be the role of
resting spores from the AMERIEZ observations, spores are pres-
ent in antarctic waters at least after blooms, and a change in
chemical composition with initial formation of resting spores
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has been noted in culture (Doucette and Fryxell 1983). The
carbon-to-nitrogen and carbon-to-chlorophyll a ratios are lower
in vegetative cells than in spores. Spores subjected to darkness
for over 1 week appeared to retain most of the carbon and
chlorophyll a previously synthesized but modified their com-
position while maintained in a cyclic light/dark regime for about
1 1/2 weeks, increasing the carbon and chlorophyll a per cell.

Because literature used for identification is widely scattered,
work has been started on an antarctic phytoplankton handbook
(Priddle and Fryxellin preparation) and this handbook has been
field tested for one season.

This research was supported by National Science Foundation
grants DDP 82-18491 and DDP 80-20381.
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Microheterotrophs in the ice-edge
zone

D. L. GARRISON,
K. R. BUCK, and

M. W. SILVER

Center for Marine Studies
University of California

Santa Cruz, California 95064

Microheterotrophs (protozoans and small metazoans) play a
key role in pelagic systems. Because they consume bacteria and
nanoautotrophs, they provide an important trophic link be-

tween these sources of production and larger pelagic consum-
ers (Conover 1982). As part of the Antarctic Marine Ecosystem
Research in the Ice-Edge Zone (AMERIEZ) program aboard the
USCGC Westwind, we conducted a study to assess the importance
of microheterotrophs in the ice-edge system.

To determine the abundance and distribution of micro-
heterotrophs, we collected samples from sea ice and
throughout the water column at the ice-edge zone. Ice samples
consisted of ice cores and 'pore water' samples (i.e., when a
partial core is removed from an ice floe brine from adjacent ice
fills the void). Samples from the water column included uncon-
centrated, whole-water samples from several discrete depths in
the upper 100-200 meters, large volume samples (approx-
imately 31 samples were collected at 5-meter depth, and were
later concentrated to approximately 200 milliliters by settling
and reverse flow filtration), and net-collected samples. Abun-
dance was determined by counting settled samples with an

Summary of the abundance and biomass of heterotrophs in the ice-edge zone

Sample
Number per liter

2.3 x 10-7.5 x 10

1.9 x 10-1.2 x 10
Approximately

0-9.0 x 10

1.0 x 102_5.5 x 10

Ice

Micograms of
carbon per liter

0.3-94.7

0.03-0.80
Approximately 0

4.0-22.1

Number per liter

7.6 x 102_9.0 x 10
5.1 x 101.1 x 10
1.9 x 101_4.8 x 10
1.2 x 102_1.4 x 10

1.0 x 101_4.8 x 101

Water

Micrograms of
carbon per liter

0.2-9.3
0.04-4.1
0.0001-0.36
0.25-2.9

0.31-1.49
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Heterotrophic flagellates
Heterotrophic dinoflagellates
Choanoflagellates
Naked ciliates

Tintinnids
Metazoans

a U-,' denotes not found.
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inverted microscope, and biomass was estimated by determin-
ing cell volumes and converting volume to carbon (e.g., Beers
and Stewart 1970). This report is based on a preliminary exam-
ination of several near-surface water samples and several sea-ice
samples.

Microheterotroph abundance and distributions in the ice-edge sys-
tem. The ranges of abundance among various micro-
heterotrophs are presented in the table. In general, populations
were more developed in sea-ice communities than in water.
Among water samples abundance and biomass was generally
low (less than 1,000 organisms per liter; approximately 1 micro-
gram of carbon per liter) at ice-covered stations but both num-
bers and biomass increased reaching a maximum at ice-edge
stations (more than 10,000 organisms per liter; more than 10
micrograms of carbon per liter). (See figure 1.) The increasing
abundance of microheterotrophs paralleled increasing primary
production and bacterial production along a western transect
across the ice-edge zone (i.e., stations 15-21; see Ainley and

Sullivan, Antarctic Journal, this issue; Nelson, Smith, and Gor-
don, Antarctic Journal, this issue). Naked ciliates were the domi-
nant forms throughout the ice-edge zone, tintinnids only oc-
curred in countable numbers at stations near the ice edge, and
heterotrophic flagellates became increasingly abundant at ice-
edge stations. Other protozoans and micrometazoans were ob-
served in net collected samples but in very low abundance.

Microheterotrophic populations in sea ice. In contrast to the rela-
tively low abundance of microheterotrophs in ice-covered
water, these populations were abundant in overlying sea ice (see
figure 1). (Algal biomass was also high in ice communities
ranging from 1 to more than 50 milligrams of chlorophyll a per
square meter, unpublished observations.) Within these com-
munities autotrophic biomass was divided among diatoms,
naked dinoflagellates, and autotrophic flagellates. Hetero-
trophic flagellates were often more abundant than ciliates, and
micrometazoans (naupliar larvae) were occasionally present
(see figure 2 as an example).

A. Microzooplar-kton in Water: Lo91(g C / I)

East Transect West Transect

2 
Ice Covered Ice Cover Open Water

21
20

17 19
IS ni!fl, F

a 6

I IN	 L
Microzooplankion in water: LoglO(# / I)

6

62 0 44S 60'19S
STATIONS 

39'58W38°53W

Microzooptonkton in sea ice Logle(og C / I)

MicrozoopIank€or in sea ice: Lo916(4 / I)

Figure 1. A. Microheterotrophs in the upper 10 meters of the water
column. B. Microheterotrophs in sea-ice communities. Data include
one set of stratified sample throughout an ice floe (Core L: surface
samples Is left histogram bar) and several 'pore water' samples. The
location of ice stations is shown in Ainiey and Sullivan (Antarctic
Journal, this issue). ("i.g c/I" denotes micrograms of carbon per
liter; "#/l" denotes number per liter.)

Pore K
Log 10(#) / I

AFL

LogIO(g C) /1

Figure 2. Composition of sea Ice communities. Abundance (number
per liter) is shown in upper histogram; biomass (micrograms of
carbon per liter) is shown in lower figure. "DIA" denotes diatom;
"DIN" denotes dinoflageliates; "AFL" denotes autotrophic flagel-
lates; "HFL" denotes heterotrophic flagellates; "CIL" denotes cili-
ates; "MET" denotes metazoans (naupllar larval stages); "FEC"
denotes fecal pellets.
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Microheterotroph abundance in the water column during the
present study is within ranges reported from the Antarctic later
in the season (von Brockel 1981) and from temperate regions
(e.g., Beers and Stewart 1970), suggesting that these forms
probably have a similar role and importance in all pelagic sys-
tems. Moreover, the changing abundance and composition
across the ice-edge zone appears to reflect directly increased
primary and secondary production throughout this dynamic
region. If microheterotrophs are closely coupled to production
sources and serve as a link to larger consumers they may par-
tially explain enhanced activity among higher trophic levels in
the ice-edge zone.

The general abundance of microheterotrophs in sea ice sug-
gests these are active sites of production and may be particularly
important in late winter or early spring when the water column
is mostly ice covered and pelagic production low. The diversity
among micropopulations in ice was somewhat surprising.
Among autotrophic forms, flagellates and naked dinoflagellates
often dominated biomass (and probably the activity as well) in
spite of the prevailing view that ice diatoms predominate in
these communities (see figure 2). The variety of heterotrophic
forms suggests a complex food web develops within ice com-
munities. The presence of metazoans (naupliar larvae and ap-
parently their fecal pellets) indicates that ice communities may

be exposed to pelagic consumers. During the cruise, krill (Eu-
phausia superba) were observed under ice floes and were occa-
sionally found in core samples suggesting that krill may be
utilizing food resources from ice communities.

This study was supported by a National Science Foundation
grant DPP 82-18747 to D.L. Garrison and M.W. Silver.
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Reproductive dynamics of ciliates in	 CYMATO! SPP

the ice-edge zone

J. F HEINBOKEL and
D. W. COATS

Chesapeake Bay Institute
Johns Hopkins University

Shady Side, Maryland 20764

The classic model of the antarctic marine food chain is the
simple one of large phytoplankton—krill—carnivores (whales,
seals, birds, etc.). Data from tropical and temperate seas,
however, have recently shown that such models are over-
simplified and do not consider the important contributions of
the bacteria, nano- and microplankton, and gelatinous zoo-
plankton. Data on those organisms from the Antarctic are
scarce but the work of Hada (1970), Fay (1973), and von Brockel
(1981), suggest that the very small autotrophs and the ciliates
which prey upon them may be considerably more important in
the Antarctic than previously realized.

We recently began a study to define the role and significance
of the planktonic ciliates in the antarctic food web. During the
Antarctic Marine Ecosystem Research at the Ice-Edge Zone

p.
Figure 1. Cumulative percentages of dividing individuals as a func-
tion of time of day for Cymatocylis spp. collected during three 24-
hour stations aboard RIv Melville during the AMERIEZ cruise in the
Weddell Sea, November and December 1983 (a-c). Panel d repre-
sents the pooled data from all stations sampled during this cruise.
Solid areas represent the mitotic stages; hatched area is the DNA-
synthesis stage. ("N" denotes number of individual ciliates exam-
ined; "GMT" denotes Greenwich Mean Time.)
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(AMERIEZ) cruise in the Weddell Sea (4 November 14 to De-
cember 1983) aboard iJv Melville, we sampled and examined
populations of two genera of tintinnids (free-living ciliates of the
suborder Tintinnina) to define the reproductive dynamics of
these plankters. We had two goals for this phase of our work:
• To characterize the die! periodicity (if any) in the cell division

cycle of these ciliates,and
• To determine how the reproductive dynamics of these ciliates

respond to the gradients of bacterial and phytoplanktonic
biomass and productivity expected near the edge of the sea-
sonal pack ice.

Reproducing tintinnids were microscopically identified aboard
ship employing epifluorescence microscopy, following fixation
and nuclear staining to distinguish individuals in the DNA-

synthesis or the subsequent mitotic phases of the cell cycle
(Coats and Heinbokel 1982). One or more vertical net tows (35
micrometer mesh) were made at each of 27 stations to collect
material: at three of the stations repetitive tows were made over
a 24-hour period to determine the significance of diel
periodicity in reproduction. Samples were obtained from the
area within 37-41°W 58-61°S.

Data for the genus Cymatocylis are presented as figure 1. The
proportion of dividing cells in these samples rarely exceeded 30
percent (intemperate, estuarine settings dividing cells typically
comprise 40-60 percent of the tintinnid populations), and there
was no indication of a diel periodicity in the division process.
Data from a second genus, Laackmanniella, were similar and are
not presented here. In the absence of diel periodicity, the less
frequent samples from the remaining 24 stations can be consid-

ered representative of those stations, regardless of the time of
day at which they were obtained.

Chlorophyll concentrations and rates of primary production
were determined and made available to us at each station by a
team headed by D. Nelson and L. Gordon from Oregon State
University and W. Smith from the University of Tennessee.
Chlorophyll concentrations (as average concentration in the
layer sampled by our net) were used as estimates of the con-
centration of particulate food available to the populations of
tintinnids. The proportion of dividing individuals of the two
genera of tintinnids are plotted as functions of chlorophyll
concentration in figure 2. Little obvious relationship exists. Total
chlorophyll concentration is, at best, an imperfect measure of
available food, however, since the large diatoms and gelatinous
colonies of Phaeocystis in these waters are unlikely to be available
to the tintinnids. For the same reason, it was not surprising that
division frequencies were not related to primary productivity
either.

A relationship in the proportion of dividing tintinnids of the
two genera does exist, however, in these samples. Division
frequencies appear to be related to latitude (figure 3) with high-
er proportions of dividing Laackmanniella found at the more
southern stations; Cymatocylis is characterized by the inverse
pattern. While probably not of significance itself to the organ-
ism, latitude may be reflecting the spatial or temporal separa-
tion of the stations from coverage by the pack ice. Relationships
of tintinnid reproduction to bacterial dynamics have not yet
been examined nor have the reproductive dynamics of the non-
tintinnid ciliates which were also sampled during this cruise.
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Observations of plankton organisms
obtained by bongo nets during the
November-December 1983 ice-edge

investigations

E. BRINTON

Scripps Institution of Oceanography
Llnivesity of California at San Diego

La Jolla, California 92093

During November 1983 to March 1984 RIV Melville engaged in
two investigations of the southern Scotia Sea and its adjacent
waters. An ice-edge study, to the east and northeast of the South
Orkney Islands, designated Protea Expedition, leg IV, took
place in early spring, November 10 to December 2. During late
summer, 5-27 March (Protea, leg VI), studies were concentrated
near the South Shetland Islands. This report is concerned pri-
marily with early results of the November and December
plankton sampling.

Bongo nets were towed at all hydrographic stations and,
elsewhere, where acoustical records indicated high con-
centrations of organisms. Tows were oblique, with the ship
steaming at about 2 knots, and were usually 0-200-0 meters in
depth. Volumes of water strained by each net averaged near
1,000 cubic meters. The standard tow used nets with mesh
widths of 333 micrometers and 505 micrometers.

The study area was traversed twice. During 10-20 November,
14 tows were made, and during 21 November to 2 December
there were 27 tows (figure 1). Our objectives were to determine
kinds and amounts of net-plankton and their distribution in
relation to the ice-cover history of the waters in the vicinity of
the ice edge. The area encompassed part of the Scotia-Weddell
Sea confluence, from the banks of the South Scotia arc,
northward.

Predominant organisms collected were pelagic tunicates, or
salps (Salpa thompsoni), concentrations of large phytoplankton
cells, and euphausiid crustaceans. Euphausia superba (krill) have
been analyzed for size-frequency and state of maturity. Amphi-
pod crustaceans, at varying abundances, were associated with
the salps. Their distinguishable role as acoustical targets is of
interest.

Copepods were sparse but consistently present; a single tow
was dominated by copepods (Calanoides acutus). The stocks of
copepods are presumed not yet to have ascended from their
winter depths of 500 meters or so. Gymnosome and
thecosomatous Pteropoda (Limacina and Clio spp.) were reg-
ularly present, as were Chaetognatha, and polychaetous an-
nelids (Tomopteris). Fish larvae averaged only 3 or 4 per sample.

Salpa thompsoni was consistently at higher density than had
been observed during the 1981 season, when salps were rare.
During 10-20 November (Phase I), highest volumes (displace-
ment) were at the northernmost stations, 58-59°N, farthest
from the ice-edge (figure la). This was within the zone of max-
imum north-south surface temperature gradient, -0.1'C to
0.25°C. During the second phase of sampling, highest densities
extended further south, to about 60°S. Lowest densities re-
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Figure 1. Distributions of predominant organisms caught by bongo nets during each of two traverses of Protea IV Expedition study area. A and
B. Salps, showing surface isotherms. C and D. The larger (net-caught) phytopiankton. E. Euphausia superba juveniles, stations of the two
sampling traverses combined. F. Adults.

mained in the southeasterly sector, where lowest surface tem-
perature (less than - 1.0°C) indicated influence of Weddell Sea
conditions.

Net-phytoplankton amounts showed no obvious rela-
tionship to saips. However, during phase I, most high densities
of these components of the plankton were toward the north, in
the zone of temperature transition. During phase II, the densest
net-phytoplankton was in a distinct patch toward the southwest
(figure Ic), in an area of low to moderate salp densities. Surface
temperatures had increased by up to 1.0°C between the two
phases of sampling.

Euphausia superba was not abundant in the study area.
However, 31 representative catches were obtained (figure le-f)
and are useful for distribution and life-history study. Juvenile
and adult E. superba were most consistently present toward the
southwest, in and near the 21 November to 2 December area of
high net-phytoplankton, south of the zone of temperature
transition.

A comparison of the age (size) structure of the E. superba
population (figure 2) from this early spring (1983) period with
(1) early summer and (2) late summer populations sampled in
the same and nearby areas in 1981 (Brinton and Antezana 1984;
Brinton and Townsend 1984) contributes to our studies of
growth in this species. Larvae had not yet appeared by 10
November-2 December 1983, though a few females with nearly
mature ovaries were found. Completion of analysis of the
March 1984 material should provide evidence as to the amount
of similarity between events of the 1980-1981 and 1983-1984
seasons here. If it turns out that growth in E. superba was at

similar rates during the two periods, we can generalize as fol-
lows: January-February (1981) larvae of 2-8 millimeters (mainly
calyptopes) attain 3-10 millimeters by 7-8 March and 4-12
millimeters by 20-23 March. The 1983 data shows this group to
have become 10-31 millimeters juveniles (mostly 12-26 milli-
meters) by the following spring (figure 2). In the same sequence
of four time intervals, year-2 adults grow insignificantly during
the January-March reproductive period, remaining at 30-42
millimeters, but attain 43-47 millimeters by the next spring.
Year-3 adults (Brinton and Antezana 1984) of 45-57 millimeters
show indistinct further growth.

The other abundant antarctic euphausiid, Thysanoessa mac-
rura, occurred widely during the 1983 sampling. Most of the
youngest larvae (calyptopis 1) were toward the south. Older
larvae extended far north, indicating that earliest recruitment
occurred there. Adults were more evenly distributed; some
particularly high densities were observed from special tows
adjacent to the ice in late November. The November-December
size-frequency structure of T macrura shows that larvae through
furcilia 5 are numerous, but none have reached furcilia 6. This
means that reproduction in this species commenced 30-40 days
prior to our study, probably under the ice. The third euphausiid
of the region, Euphausia frigida, was also widely occurring and
most abundant toward the north. Like T macrura, E. frigida
initiated recruitment well before 10 November, as seen in the
abundance of larvae through the furcilia phase.

Data from the March 1984 zooplankton samples indicate per-
sistence of low numbers of E. superba, relative to 1981, par-
ticularly of larvae and large adults, through the 1983-1984 sea-
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son in the southern Scotia Sea. At the same time, Salpa thorn psoni
continued to be at densities near 1,000 cubic centimeters per
1,000 cubic meters of water in most places sampled near the
South Shetlands. Thus, consistent amounts of salps were ob-
served across the region of occurrence of the species during
spring and summer. Peak and average densities differed by a
factor of only about two, suggesting maximum use of available
resources. Numbers of krill, on the other hand, were variable
and spatially spotty, both during 1981, when salps were rare,
and during 1983-1984, when salps were abundant.

This research was supported by National Science Foundation
grant DPP 82-19147.
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Figure 2. Mean size-frequency distributions of Euphausia superba,
A. Summer 1981 (after Brinton and Antezana 1984). B. Spring 1983.
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We used hydroacoustic methods to survey and assess the
abundance and distribution of micronekton and nekton in rela-
tion to the ice-edge zone in the Weddell Sea. We made real-time

observations to detect regions of biological interest and to coor-
dinate net catches (Brinton, Antarctic Journal, this issue) and
underwater stereo photography observations made by J. Step-
ien Lamont-Doherty Geological Observatory (Stepien, un-
published data) for target identification and target-strength es-
timations. We used three frequencies to provide the basis for
discriminating between sizes and identities of many target or-
ganisms. The analyzed acoustic data will be used to provide net-
independent estimates of abundance and to estimate net avoid-
ance, particularly by larger krill. In conjunction with net sam-
ples, these observations will be used to relate the abundance
and distribution of target organisms to the physical, chemical,
and biological observations of the other projects aboard the RIv
Melville.

We made acoustic observations in open water aboard the RIv
Melville, both underway and at fixed stations. (See figure.) We
made acoustic observations and collected net samples at the ice
edge and in the pack ice aboard the USCGC Westwind at fixed
stations. The Melville and the Westwind began the field study
with a joint calibration station on 10 November 1983 near the ice
edge at 60°33.7'S 37°0.4.6'W. The Westwind completed its sam-
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Acoustic echogram from 105 kilohertz system showing patches of
krill in the upper 110 meters of water column underneath the pack
Ice.

pling program on 2 December 1983 at 59'41.5'S 400 09.4'W. The
Melville continued its acoustic program until 4 December 1983
near South Georgia Island.

Three downward-looking frequencies (50 kilohertz, 120 kilo-
hertz, and 200 kilohertz) were used aboard the Melville. The
transducers were mounted in a 4-foot V-fin (Endeco) depressor
and towed behind the ship. Echos from the face of the trans-
ducer to a depth of 400-700 meters were stored as envelope-
detected voltage in frequency-modulated form on an instru-
ment recorder. We recorded data from each frequency on sepa-
rate channels, and in addition, we recorded a bottom detection
signal, synchronizing (transmit) signal and time of day (in hour-
minute-second plus day number) on the tape. A single down-
ward-directed frequency (105 kilohertz) was used aboard the
Westwind. On station, we lowered a transducer 1 meter below
the surface. We recorded the signal on analog magnetic tape.

In conjunction with the acoustics program on the Westwind,
the so-called "Plummet" net was towed vertically at every sta-
tion. The Plummet net is a 1-meter square net that I found to be
accurate for comparisons with acoustic measurements (Mac-
aulay 1977). The mesh size used was 560 micrometers. Haul
depth was generally determined by the depth of the acoustic
targets. We took some day/night tows and subtractive depth
tows for vertical stratification.

For our detailed analysis of the acoustic data, we are using the
methods recommended in BIOMASS Handbook 7 (SCAR 1981)
and Johannesson and Mitson (1983). Echo-integration analysis
will produce estimates of biomass (where acoustic targets can be
identified) or mean-volume-backscattenng-strength (where un-
certain or unknown targets are present). The estimates will be
by 1 meter depth strata down to 400 meters or bottom, which-
ever occurs first. The net samples collected aboard the Westwind
have been analyzed for euphausiid identification, sexual matu -
rity and length-frequency composition. Jeanne Stepien of La-
mont-Doherty will conduct further analysis to determine gut
contents of euphausiids and for species identification of other
zooplankton taxa.

Acoustic observations made in open water indicated very few
occurrences of krill in patches (as compared to our observations
in 1981, Macaulay 1981), instead large concentrations of salps
were found. Other investigators on the Melville confirmed the
acoustic observations; their net catches did not contain large

concentrations of krill and there were few krill patches observed
by Stepien's camera system (Antarctic Journal, this issue). The
small patches of krill that we observed acoustically were found
in the near proximity (less than 1/2 nautical mile) to the ice edge
with a rapid decrease in occurrence away from the ice edge.
These patches were usually Thysanoessa macrura rather than
Euphausia superba. We observed euphausiids acoustically on all
three frequencies (50 kilohertz, 120 kilohertz, and 200
kilohertz).

Preliminary analysis of the acoustic data collected aboard the
Melville indicates that the 200 kilohertz system was very effec-
tive in detecting the presence of salps down to 400 meters. Salps
were less visible on the 120 kilohertz system and not visible on
the 50 kilohertz system, indicating a strong frequency depen-
dency of scattering from these targets. This pattern was distinct
from that associated with krill. Salps were detected acoustically
across the Scotia Sea to within a few miles of the Scotia trench.
They were observed to be a nearly continuous scattering layer
varying in thickness between 15 and 20 meters to as deep as 100
meters.

The camera and net sampling on the Melville strongly corre-
lated the presence/absence of acoustic targets of zooplankton
and micronekton in the water column. Various species of am-
phipods were found to be a major component of the occasional
patches observed at the ice edge. Also the presence of certain
types of targets on the chart records strongly correlated with the
occurrence of some species of birds feeding at the surface. The
general lack of patches of krill in the more open water might be
attributed to the survey being conducted early in the seasonal
cycle; however, the Melville passed through this area in March
1984 and found the occurrence of patches was still low.

Preliminary analyses of acoustic and net data collected
aboard the Westwind revealed some clear differences in zoo-
plankton abundance and diversity between the ice-edge and
pack-ice zones. Acoustic chart records from the 105-kilohertz
system show concentrations of saips at the ice edge but not
within the pack ice. This observation was substantiated by the
vertical net samples. Patches of krill were not observed at the ice
edge. However, three species of krill of several life stages were
collected; late furcilia and juvenile E. superba, and adult and
larval E. frigida and T. macrura. Adult T. macrura were found in
November and December while the larval stages were found
only in early December. Some adults and larval E. frigida were
also collected in early December. Larval T. macrura and adult
and larval E. frigida were not observed in the pack ice.

Chart records from the pack ice are characterized by small
scattered patches of krill present at all stations in the upper 100
meters of the water column. The net samples, in conjunction
with the acoustic observations, indicate that juvenile E. superba
and juvenile and adult T. macrura were present throughout the
pack ice. Adult E. superba were found in bird and seal stomachs
(Ainley and Fraser, Antarctic Journal, this issue; Erickson, Ant-
arctic Journal, this issue) at a number of locations including the
station of maximum penetration, 200 kilometers into the ice. T.
macrura appeared to maintain a low population density
throughout the water column sampled, while E. superba ap-
peared to concentrate into small dense patches of juveniles or
adults and were more likely to occur near the surface in associa-
tion with ice floes. Divers observed juvenile E. superba in brine
channels inside an ice floe. Investigators taking ice cores found
them coming up in the hole left after removal of the core.
Juvenile E. superba were also observed being thrown up onto the
surface of ice floes as the icebreaker churned up the broken ice.

M. Macaulay and G. Bishop participated aboard the RJv
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Melville and K. Daly participated aboard the icebreaker West-
wind. This work was supported by National Science Foundation
grant DPP 82-18784 with contributions of equipment and re-
sources from the Northwest and Alaska Fisheries Center and
National Oceanic and Atmospheric Administration.
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As part of the AMERIEZ (Antarctic Marine Ecosystem Research
at the Ice Edge Zone, see Sullivan and Ainley, Antarctic Journal,
this issue) expedition to the Scotia Sea, we investigated the
distribution, abundance, and metabolism of zooplankton and
micronekton in the top 1,000 meters of the open water north of
the marginal ice zone (figure 1). Our research program was
designed to assess latitudinal variation in species composition
and biomass as related to the marginal ice zone and to describe
for the first time the vertical distributions of mesopelagic fauna
in the Scotia Sea. Frozen and preserved specimens were re-
turned to our home laboratories for analysis of diet, proximate
and elemental compositions, growth, reproductive state, and
intermediary metabolic enzyme activities. Metabolic rates of
dominant micronektonic species were determined at sea and
are reported in a separate article (Torres, Weigle, and Lancraft,
Antarctic Journal, this issue).

All references to study area in this paper refer only to the
cruise track of the iIv Melville (figure 1). Twenty-nine midwater
trawl samples (including a complete day-night vertical series
and several 0-1,000 meter oblique tows) were taken going away
from most of the Melville hydrostations. Sampling was done

with a 9-square-meter-mouth-area, mouth-closing Tucker trawl
made of 6 millimeter knotless nylon mesh with a nested 0.75
meter, 163-micron, plankton net in the mouth. A thermal-tur-
bulence protecting cod end (Childress et al. 1978) was used to
enhance survival of captured specimens for respiration
measurements.

The considerable saip biomass encountered in the study area
usually (90 percent of all trawls) necessitated taking a volume
measurement then subsampling the catch. We used the volume
measurements of the total catch to estimate saip biomass by
assuming that the total volume consisted of salps and that 1 liter
of saips weighed 1,050 grams. All fishes were removed from
each catch. We have identified and measured 99 percent of
captured fishes. We calculated fish biomass from size/weight
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Figure 1. Location of midwatertra 's taken on the A/V Mel vllleduring
AMERIEZ 1983. Dashed line is cruise track; solid lines indicate loca-
tion and duration of trawls. Numbers refer to trawls only and not to
hydrostations.
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regressions for that species or similar species; we weighed rarer
species separately. As sample analysis progresses the absolute
numbers reported here may change slightly; trends will remain
unaltered.

The study area is best characterized as a low diversity, high
biomass system in the midst of a saip bloom (mean saip biomass
for the study area was 23.9 kilograms per 100 square meters for
the upper 600 meters). Saips, dominated by Salpa thorn psoni,
were the dominant micronektonic organisms in the upper 500
meters of the water column. The dominant fishes in the upper
500 meters were Electrona antarctica and Gymnoscopelus braueri
(Myctophidae) and Notolepis coatsi (Paralepididae). Dominant
fishes in the lower 500 meters of the water column were
Bathylagus antarcticus (Bathylagidae) and Cyclot hone rnicrodon
(Gonostomatidae). Mean fish biomass for the upper 1,000
meters of the study area was 327 grams per 100 square meters, a
figure somewhat lower than that found by Frost and McCrone
(1979) for the subarctic-transitional waters off Washington (450
grams per 100 square meters for myctophids only) but consider-
ably higher than that found in the tropical-subtropical systems
studied by Maynard, Riggs, and Walters (1973; 214 grams per
100 square meters, Hawaii) and Hopkins and Lancraft (in press;
212 grams per 100 square meters, Gulf of Mexico). Piscivorous
fishes were extremely rare in the study area; two specimens of
Neoscopelarchoides elongatus (Scopelarchidae) and four spec-
imens of Paradiplospinosus antarcticus (Trichuridae) represent the
entire predatory fish catch in 29 midwater trawls.

There was a clear trend of increasing biomass moving from
south to north away from the marginal ice zone followed by a

sharp drop in biomass north of 58°S (figure 2). The biomass peak
corresponded to a pronounced phytoplankton bloom found in
the vicinity of 59°S during the eastern transect in the early
portion of the AMERIEZ cruise (see Nelson, Smith, and Gordon,
Antarctic Journal, this issue). There was a pronounced temporal
component in our trawl data that mirrors the results obtained by
Nelson, Smith, and Gordon (Antarctic Journal, this issue) when
superimposed on observed latitudinal trends. There was a
marked increase with time in both fish and saip biomass in the
southern portions of the study area. The increase corresponded
to an intensifying phytoplankton bloom identified at the ice
edge during the western transect. This suggests a gradual
southward displacement of mobile micronektonic species in
response to the increased production of the ice-edge bloom and
its associated increase in prey species. In the case of saips it
suggests an increased population size through reproduction.

Eight species of mesopelagic fishes were sufficiently common
to determine their diel vertical distributions (figure 3). Six of the
eight species exhibited diel vertical migrations: Electrona ant-
arctica, Gyrnnoscopelus braueri, Protornyctophurn anderssoni, Pro-
torn yctophurn bolini (Myctophidae); Notolepis coatsi (Para-
lepididae); and Bathylagus antarcticus (Bathylagidae). Neither of
the Gonostomatid species Cyclothone surniaen or Cyclothone mi-
crodon exhibited an upward vertical migration at night. Only one
species, E. antarctica, was captured above a depth of 100 meters.
The rest of the myctophids and N. coatsi remained below 100
meters and B. antarcticus remained below 250 meters. Salpa
thorn psoni showed no evidence of diel vertical migration;
however, there was a distinct trend toward finding larger num-
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bers of saips deeper in the water column as the study
progressed.

Our data at the present stage of analysis suggest the following
conclusions concerning the micronekton of the study area:
• The area up to 300 kilometers north of the marginal ice zone is

a biologically rich area with wet weight biomass comparable

to the highest reported in the literature (cf. Wiebe etal. 1979).
• Beyond 300 kilometers north of the marginal ice zone there is

a sharp drop off in biomass. This could be due to the absence
of ice-edge influence, water mass effects, or patchiness. The
latter possibility is unlikely.

• There was a trend toward increased fish biomass and num-
bers of species in the southern portions of the study area with
increasing time in the study area. This trend mirrored the
observed intensification of an ice-edge bloom in the southern
portion of the study area.
The authors gratefully acknowledge the help of Bob Wilson of

the Scripps Institution of Oceanography for technical assistance
beyond the call of duty. Captain Haines and the fine crew of the
Wv Melville all went the extra mile to make our cruise an ex-
tremely successful one.

This research was supported by National Science Foundation
grant DDP 82-10437.
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AMERIEZ 1983: Oceanographic factors
affecting seabird occurrence in the

Scotia and Weddell Seas
D. C. AINLEY and W. R. FRASER

Point Reyes Bird Observatory
Stinson Beach, California 94970

It is becoming increasingly clear that pelagic seabirds, even
with their great powers of mobility, are constrained as are many

other marine organisms to specific, physically defined water
masses and water types. It is also becoming more clear that
within respective ranges, seabird occurrence is affected strong-
ly by those oceanographic phenomena which increase prey
availability (for example, environmental discontinuities such as
fronts). Previous work in the Antarctic has indicated the exis-
tence of two especially distinct assemblages of pelagic seabirds
separated by a particularly obvious environmental discon-
tinuity: the presence or absence of pack ice. Also indicated is a
marked increase in the abundance of seabirds at the marginal
ice zone. In conjunction with AMERIEZ, we studied the pack-ice/
open-water system in greater detail than ever before to deter-
mine whether occurrence patterns of seabirds were responses
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to changes in prey availability and prey types or to changes in
the physical features of the environment. Essentially, we were
looking for overlaps and discontinuities in species distributions
relative to the pack-ice edge, and we were looking for corre-
sponding changes or similarities in diets. Other components of
AMERIEZ were important to our work because they supplied
information on the physical environment as well as the avail-
ability of potential prey. We made observations from both USCGC
Westwind and R/vMelville: a summary of the cruise is provided in
the article by Ainley and Sullivan (Antarctic Journal, this issue).
Data on abundance, distribution, and diets of seabirds north
and south of the marginal ice zone were obtained through 421
half-hour strip censuses and the collection of 329 specimens of
12 seabird species. Specimens were collected with the intent of
sampling diet in different habitats, including interior pack ice,
the ice-edge zone and ice-free water, as well as different water
types.

The changes we observed in the overall abundance and dis-
tribution of seabirds relative to the ice edge and to other impor-
tant oceanographic feaures are indicated in figure 1, which
summarizes data gathered on the last pass of Westwind from
deep within the pack (at 63°S) of the Weddell Sea to the pack
edge and a continuation of that track by Melville from the ice
edge well north into the Scotia Sea (to about 57°S). Birds were
most abundant at the pack-ice edge, particularly the edge of the
consolidated pack, and at the confluence of the Scotia and
Weddell Seas about 600 kilometers north of the ice-edge zone. A

Figure 1. The biomass, species diversity (Shannon-Weaver diversity
Index), and density of seabirds along a cruise track In the Weddell
and Scotia Seas, November and December 1983. Distance Is from
63°S. ("km" denotes kilometer; "Km 2" denotes square kilometer;
"Kg/km2" denotes kilogram per square kilometer.)
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Figure 2. The biomass, species diversity and density of seabirds
along a cruise track in the Weddell and Scotia Seas during mid-
November (thin lines) and 2 weeks later (thick lines). The data Indi-
cated by thick lines are also Included in figure 1. Distance is from
630S. ("km" denotes kilometer; "Km 2" denotes square kilometer;
"Kg/km2" denotes kilogram per square kilometer.)

minor peak occurred about 120 kilometers north of the ice edge.
A pass along this track by the Melville, 2 weeks earlier, indicated
that the ice-edge peak and the smaller peak between the ice-
edge peak and the peak associated with the confluence had both
migrated south with the ice (figure 2). Chlorophyll con-
centrations, as well as other factors, also indicated generally
greater biological activity in these same areas. South of the ice
edge, seabird concentrations were associated with both increas-
ing biological activity in the lower food web and with distinct ice
types, including floes exhibiting especially high organic
activity.

Seabird diets changed to some degree from one area or hab-
itat to another, but within these habitats the diets of individual
species overlapped broadly. In the pack ice, large amphipod
and decapod crustaceans predominated, while euphausiids
and myctophid fishes increased in importance in the marginal
ice zone. In open water, the predominance of myctophids,
euphausiids, amphipods, and salps shifted in the diets; overall,
the importance of these prey changed in approximately the
order just listed. Surprisingly, few seabirds ate squid. Results
indicated that physical features of the environment are impor-
tant in affecting seabird occurrence in the pack-ice/open-water
situation; however, distributions of the few species exhibiting
more specialized diets especially squid eaters, indicated that for
these birds, prey availability may have been relatively more
important in affecting their occurrence. One totally unex-
pected, but particularly interesting observation was the pre-
dominance of deep-water organisms in the diets of surface-
feeding seabirds of the inner areas of heavy pack ice. Several of
these prey had never before been known to occur in waters
shallower than 300 meters. This discovery underlined the po-
tential importance of the study of top trophic predators as a
means to learn more about trophic interactions among organ-
isms of the pelagic community. Why the deep-water micronek-
ton occurred at the surface in heavy pack ice and their potential
significance to seabirds during winter conditions will be impor-
tant questions for future research.
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Aerial census of seals, whales, and
penguins in the pack ice of the

northwestern Weddell Sea, November
1983

A. W. ERICKSON

Fisheries Research Institute
University of Washington
Seattle, Washington 98195

In November 1983, an aerial census was taken of seals,
whales, and penguins distributed within the pack ice of north-
western Weddell Sea, Antarctica, as part of the joint Antarctic
Marine Ecosystem Research at the Ice-Edge Zone (AMERIEZ)
project. The census consisted of north-south transect strips
centered on the oceanographic stations of the AMERIEZ project
(figure 1). The transects extended one-quarter nautical mile to
either side of the survey helicopter, were flown at an elevation of
300 feet, and were otherwise taken according to the SCAR-1310-
MASS format (Laws 1982). I made the counts and ice classifica-
tions from the copilot's seat and relayed them to a recorder.

I censused a total of 598 square nautical miles of pack ice
yielding a count of 830 seals (or a density of 1.39 seals per square
nautical mile) and counts of 548 Adélie penguins (Pygoscelos

adeliae), 319 chinstrap penguins (P. antarctica), and 13 emperor
penguins (Aptenodytes forstori), and four minke whales (Bal-
aenoptera acutorostris) (table 1). The species composition of the
censused seal population was 77 percent crabeater seals (Lob-
odon carcinophagus), 18 percent leopard seals (Hydrurga leptanyx),
4 percent Weddell seals (Leptonychotes weddelli), and 0.4 percent
Ross seals (Omatophoca rossi).

As shown in figure 1, the distribution of the aerial census
effort was irregular throughout the study area. Inclement
weather hampered aerial flight operations during the startup of
the AMERIEZ field studies, and coordination difficulties pre-
cluded censuses during the project's termination phase. De-
spite these difficulties, enough censuses were performed to
permit a meaningful evaluation of the seal populations present
in the study area once the data have been corrected for diurnal
effects. The basic data together with related information have
been placed in a permanent data file in preparation for analysis.

The population density of seals observed in the AMERIEZ cen-
sus was lower than population densities observed during the
1968 and 1969 International Weddell Sea Oceanographic Expe-
ditions (IwSOE) (Siniff, Cline, and Erickson 1970; Erickson et al.
1971). Unadjusted crabeater seal densities for the IWSOE surveys
were 1.87 (1968 count) and 3.34 (1969 count) seals per square
nautical mile, as compared with a density of 1.06 seals per
square nautical mile in the AMERIEZ study. However, there were

major differences between the two census efforts. The IWSOE
censuses were conducted during the late austral summer when
the extent of the ice pack is markedly reduced and seals become
concentrated. Also, the IWSOE studies were dispersed widely
along the outer eastern periphery of the entire Weddell Sea ice
pack. Conversely, the AMERIEZ censuses were concentrated
within a 3,600-square-mile study area and the census effort was
dispersed more deeply into the ice pack where lesser seal densi-
ties occur (Gilbert and Erickson 1977). Furthermore, approx-
imately 50 percent of the AMERIEZ census effort occurred during
the midday peak haulout period for seals; in contrast, only
approximately 15 percent of the IWSOE census taking occurred
during this period (Condy 1976, 1977; Gilbert and Erickson
1977). The significance of these differences remains to be
assessed.

Table 2 presents uncorrected population density data for cra-
beater, leopard, Weddell, and Ross seals observed during the

1̂ 0 Ts'.
Figure 1 Aerel Seal Census Transects	 1

AMERIEZ Project 1983
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Figure 1. Aerial seal census transects AMERIEZ project, 1983.
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Table 1. Seals, whales, and penguins observed during aerial pack-Ice surveys, northwestern Weddell Sea, November 1983
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-0.	a)	C	Q.1	 ca o	.	a c	 -	a.	 E	Seals perMidcensus position	 -	-	'	 0	 .	 squareAMERIEZ _______________CO
Day	Census	station	Latitude Longitude	 -° -0	a. -	V 0.	 0CO	Total 	nautical

	

(November) number	numbera	(5)	(W)	Local time	 .	 <	i.	 .	< c	seals	mile
CliO	0	q)	

00	C	V-_l	W.j

13	1	5	62005'	36046'	1408-1459	39	4	22	0	2	0	6	0	1	21.5	67	3.12

15	2	6	62015'	36040'	1853-1953	16	3	1	0	0	25	1	0	0	20.7	20	0.97

19	3	10	61006	36029'	1138-1305	37	0	0	0	1	111	0	78	1	34.1	38	1.11

21	4	12	61020	37018'	1040-1158	36	2	0	0	1	14	0	0	0	45.5	39	0.86
22	5a	13	61051'	38010'	1101-1237	65	26	0	0	0	18	2	0	0	47.7	91	1.91
22	5b	13	61053'	38°11'	1329-1440	34	9	0	0	0	49	0	0	0	45.6	43	0.94

23	6a	14	62036'	3854'	1103-1237	31	17	0	0	2	33	3	0	0	58.9	50	0.85
23	6b	14	61006'	38049'	1329-1455	43	16	1	0	1	16	0	0	2	50.2	61	1.21

24	7	15	62048'	38°51'	0842-1000	25	8	0	1	1	42	1	0	0	57.1	35	0.61

25	8a	16	62023'	38058'	1337-1512	40	19	0	1	0	0	0	0	0	55.5	60	1.08

25	8b	16	61051'	39003'	1556-1721	21	16	2	1	0	20	0	0	0	52.6	40	0.76

28	9a	19	61030'	39028'	1252-1424	129	20	1	1	0	83	0	9	0	60.5	151	2.50
28	9b	19	61044'	39031'	1505-1631	118	10	7	0	0	137	0	232	0	48.5	135	2.78

Total	 634	150	34	4	8	548	13	319	4	598.4	830	1.39

a AMERIEZ station at the time the census was flown.
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Table 2. Seal densities observed during aerial pack ice-surveys, northwestern Weddell Sea, November 1983

Aerial	Midcensus	Mean distance	Mean ice Predominant	
Crabeater	Leopard	Weddell

census	time	from ice edge	coverage ice type	Observed	Adjusted	observed	observed
number	(local time)	(in nautical miles)	(in tenths)	 density	density	density	density

Ross
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density
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0.86
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0
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0.54
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0
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80
	

8
	

Small floe	0.75
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0.20
	

0
	

0
6a
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Small floe	0.53
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0.29
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0
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0.32
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0
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0.02
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0.02
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Cake	0.40
	

0.48
	

0.30
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0.02
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46
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Cake	2.13
	

2.21
	

0.33
	

0.02
	

0.02
9b
	

1548
	

19
	

2
	

Cake	2.43
	

2.67
	

0.21
	

0.14
	

0

Total
	

1.06
	

1.48
	

0.25
	

0.06
	

0.01

several AMERIEZ censuses and approximated time-corrected
densities for the crabeater seal. The overall time-corrected den-
sity for the crabeater seal was 1.48 seals per square nautical mile.
Although there were obvious differences in the density abun-
dance of the several seal species between individual censuses,
there were no major discernible differences in seal numbers
between the west and east sectors of the AMERIEZ study area as
noted by Frazer (personal communication) for seabirds. Con-
versely, there were differences in the density abundance and
species composition of seals at various depths within the pack
ice (figure 2). The AMERIEZ study included four censuses with
midsurvey positions less than 50 miles from the ice edge, Five
with midpositions ranging from 51 miles to 100 miles from the
ice edge, and four with midpositions exceeding 100 miles. Non-
time-corrected crabeater seal densities for these three zones
averaged 1.83, 1.04, and 0.61 per square nautical mile, respec-
tively. These density relationships reflect patterns experienced
in previous antarctic censuses.

A major difference observed between the results of IWSOE

censuses (Condy 1976, 1977; Gilbert and Erickson 1977) and the
results of the AMERIEZ census was in the species composition of
the seals observed. The species composition of the IWSOE cen-
suses was 97 percent crabeater, 2 percent Weddell, 1 percent
leopard, and 0.01 percent Ross seals. This compositional array
differs markedly from the 77 percent crabeater, 18 percent leop-
ard, 4 percent Weddell, and 0.4 percent Ross seal composition
observed in the AMERIEZ census. This difference was primarily
due to the large contribution of leopard seals in the AMERIEZ

counts. The 18 percent leopard seals observed was, in fact, three
times greater than the generally observed occurrence of this
species in most major surveys (Oritsland 1970; Condy 1976).
The apparent explanation was that the AMERIEZ census coin-
cided with the whelping period of the leopard seal. Con-
sequently, a large number of female leopard seals were hauled
out on ice floes tending their young.

Leopard seals in the AMERIEZ census were also distributed
deeper in the ice pack than has been observed in other censuses
taken later in the season (Gilbert and Erickson 1977). Distribu-
tional densities averaged 0.15, 0.31, and 0.22 seals per square
nautical mile in the outer-pack, mid-pack, and deep-pack, re-
spectively (figure 2). Presumably, pregnant females retreat into

the ice pack to avoid unstable ice conditions for whelping and
initial care of their young.

Sightings of Weddell and Ross seals were too few to warrant
comment beyond the observation that the sighting of only four
Ross seals in the AMERIEZ censuses corroborated early census
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Figure 2. Density abundance of seals in the AMERIEZ Weddell Sea
project area as a function of distance from the pack-ice edge.
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results which show low abundances of Ross seals in the Wed-
dell Sea (Oritsland 1970; Siniff et al. 1970; Erickson, Hanson,
and Kehoe 1983).

Collections of seals included five crabeaters, one adult male
and one adult female Ross seal, and two leopard seal females
and their pups. The stomachs of the two Ross seals contained
squid remains and minor krill segments. The krill may have
been present as remains from the stomach contents of the
squid. The stomachs of the adult leopard seals were empty but
the lower gastrointestinal tracts, particularly the colons, were
engorged with krill remains. Thus, the animals had been ac-
tively feeding while tending their pups. The stomachs of the
pup leopard seals contained milk only. Only two of the cra-
beater seal stomachs contained food (euphausiid krill). These
specimens indicated the significant presence of this prey in the
study area despite the fact that relatively few euphausiid krill
were taken in net hauls of other scientific team members (Mc-
Cauley and Daly Antarctic Journal, this issue).

Other biological specimens taken from the collected seals and
awaiting analysis include skulls and reproductive tracts. This
work was supported by National Science Foundation grant DPP
82-18339.
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Marine biology
Biomass, community structure, and

metabolic activity of the microbiota in
benthic marine sediments
and sponge spicule mats

D. C. WHITE and
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Department of Biological Science
Florida State University

Tallahassee, Florida 32306

G. R. STANTON

Academic Diving Program
Florida State University

Tallahassee, Florida 32306

Application of quantitative chemical measures of biomass
and community structure (White 1983) to the microbiota (pro-
karyotes and microeukaryotes) of near-shore marine sediments
and sponge spicule mats in McMurdo Sound at Cape Armitage
yielded four distinctive microbial communities with a biomass
equivalent to a subtropical Florida estuary and low metabolic
activity.

Sediment cores and sponge spicule mats were recovered by
divers from three areas: an anchor ice area (14 meters under the
ice), a nonspicule mat area (18 meters under the ice), the sponge
spicule mat area (22 meters under the ice), and the subspicule
mat sediment. The spicule mat was about 10 centimeters thick in
this area. The sediments and mats were extracted with a one-
phase chloroform-methanol solvent; the lipid and lipid-
extracted material was dried and returned to the Florida State
University laboratory for analysis. The lipids were fractionated
on silicic acid, and the polar lipid fraction was treated by mild
alkaline methanolysis. The alkyl fatty acid methyl esters (FAME)
that were ester-linked were purified and then analyzed by gas-
liquid chromatography/mass spectrometry. Macroscopic inver-
tebrates were removed from the spicule mat prior to extraction.
The major invertebrate was the giant Deontostoma sp. nematode.
The proportions of the polar lipid ester-linked FAME were ana-
lyzed by a stepwise discriminant analysis and each of the four
areas showed a distinctive composition. By knowing the pro-
portions of 15 FAME (of 45 used in the analysis), it was possible to
distribute samples into the four classes with 100 percent ac-
curacy. The subspicule mat sediments were characterized by
low proportions of diatom "signature" fatty acids. The non-
spicule mat sediments showed decreased proportions of sulfate
reducing bacterial "signatures" possibly reflecting the relatively
high level of sedimentary bioturbation. The anchor ice sedi-
ment stripped of its epibenthic invertebrates by the ice platlet
and the subspicule mat sediments under 10 centimeters of
spicule mats showed higher proportions of FAME characteristic
of anaerobic bacteria.

Microbial biomass (ester-linked phospholipid fatty acids) in marine sediments
(In nanomoles per gram of dry weight)

Location
	 Under ice, McMurdo	 Deep sea

Anchor ice	Nonspicule mat	Spicule mat	HEBBLE	Venezuela	Florida estuary

Depth (in meters)	14
	

18
	

22
	

4,500
	

5,000

Fatty acid 
15:0	 0.6	(0.5)

	
0.3
	

(0.3)
	

33	(33)
	

0.1
	

(0.02)
	

0.01	(0.006)
	

(0.7)
i + a 15:0	2.5	(0.9)

	
1.4
	

(1.0)
	

142	(100)
	

0.8
	

(0.1)
	

0.1	(0.05)
	0.7 (0.4)

16:0	 16.0	(11)
	

9.0
	

(9.0)
	

1020	(940)
	

1.3
	

(0.3)
	

0.2	(0.1)
	

12.6 (8.0)
16:1w7 cis	1.6	(2.7)

	
8.1
	

(8.0)
	

61	(62)
	

1.8
	

(0.6)
	

0.1	(0.06)
	

3.0 (2.0)

10 me 16:0	0.3	(0.2)
	

0.2
	

(0.2)
	

12	(17)
	

0.2
	

(0.03)
	

0.06	(0.04)	0.2 (0.08)
cyclo 17:0	0.2	(0.2)

	
0.01
	

(0.1)
	

8	(9)
	

0.08
	

(0.01)
	

0.03	(0.01)	0.4 (0.4)
cyclo 19:0	0.06 (0.08)

	
0.03
	

(0.03)
	

13	(16)
	

0.1
	

(0.02)
	

0.06	(0.02)	0.2 (0.04)
20:4w6	 0.3	(0.2)

	
0.3
	

(0.5)
	

3	(3)
	

0.1
	

(0.8)
	

0.001	(0.02)	0.4 (0.8)
22:6w3	 0.04 (0.06)

	
0.009 (0.004)
	

17	(38)
	

0.062 (0.037)
	

0.0007 (0.003)

Phospholipid	 37 (39)	 72 (57)	2240 (3050)	16 (5)	 2.2 (0.7)	 44 (17)

a Data are given as mean with the standard deviation in parentheses. Phospholipids are measured as extractable lipid phosphate.
Fatty acids are designated as number of carbon atoms: number of double bonds, position of unsaturation nearest the methyl (w) end with cis or trans
configuration for monoenoic acids. Prefixes 'i," 'a," "cyclo," and 10 me" indicate isoanteiso branching, the presence of a cyclopropane ring, or methyl
branching 10 carbons from the caboxyl end.
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The biomass of these sediments calculated from the extracta-
ble phospholipid and polar lipid ester-linked alkyl FAME
showed levels equal to those in a highly productive Florida
estuary. The antarctic sediments contained about 10 times the
biomass of a deep-sea area subjected to abyssal storms [high
energy benthic boundary layer experiment (HEBBLE)], and 100
times that of the relatively undisturbed deep sea (Venezuela)
(see table). The antarctic sediments showed a diversity essen-
tially equivalent to that of the subtropical Florida estuary. The
sponge spicule mat contains a rich microbial (algal and bacteri-
al) community.

These antarctic microbial communities are probably very old.
In preliminary experiments the bacterial rate of synthesis of DNA
from thymidine was some 300-fold slower than that in the
Florida sediments. A six-fold decrease would be expected on
the basis of temperature. A three-fold increase in bacterial DNA
synthesis in the nonspicule mat sediments occurred late in the
summer season as the ice algal "rains" began. In collaboration
with A.C. Palmisano, we were able to prepare carbon-13-la-
beled Nitzschia cylindrus which was injected into perspex cores
in the nonspicule mat areas. This attracted starfish who de-
stroyed some of the experiments possibly consuming the algae.
The Phaeocystis bloom precluded recovery of the starfish or
sediments for examination of carbon-13 incorporation rates.

Distribution of biogenic components
in surface sediments from the

antarctic continental shelf

R. B. DUNBAR, M. DEHN,
and A. LEVENTER

Department of Geology
Rice University

Houston, Texas 77251

In collaborative work with A. C. Palmisano, the sponge
spicule mats were shown to contain a giant diatom Trachyneis
aspira as a major component. This algae has a low light satura -

tion level and no evidence for photoinhibition of carbon fixation
(Palmisano et al. in preparation).

The dynamics of the benthic food web and the regulation of
microbial metabolic activity will be the focus of our study during
next year's field season.

This work was supported in part by National Science Founda-
tion grant DPP 82-13796-01. We thank A.C. Palmisano, S.
Kottmeier, and J. Wood who made our first season productive;
J. S. Nickels and P. S. Vashio for help with the fatty acid analysis;
and L. Burckle and D. Hope for identifying the benthic diatom
and the spicule mat nematode.
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The surface sediments used in this study were collected from
box core tops (0-1 centimeters) derived from the coring pro-
grams of North Carolina State University, Kiel University, and
the Alfred-Wegener-Institute, für Polarforschung and grab
samples, Phleger, and trigger coretops collected by Rice Univer-
sity. Samples consisting primarily of sands and gravels were not
analyzed. All samples were ground and sieved through a 500-
micrometer screen to remove ice-rafted debris. Organic carbon
and carbonate contents were determined by standard LECO
techniques. Biogenic silica content was measured by a silica
dissolution technique modified from DeMaster (1981).

Biogenic silica contents of antarctic shelf surface sediments
range from less than 1 percent to 48 percent by weight (figure 1).

ANTARCTIC SURFACE SEDIMENTS
DF79 DF80 DF81 DF82 DF83 DF84 ANT 11/3

During the 1983-1984 austral summer, large numbers of sur-
face sediment samples were collected from the Ross Sea (by the
USCGC Polar Sea) and the Antarctic Peninsula/Weddell Sea region
(Antarktis 1113, FS Polarstern). These samples supplement those
collected during previous expeditions: austral summer
1978-1979 (George V Coast), austral summer 1979-1980 (Ross
Sea and Pennell Coast), austral summer 1980-1981 (Amundsen
Sea and Bransfield Strait), austral summer 1981-1982 (Penin-
sula), austral summer 1982-1983 (Ross Sea and Sulzberger Bay).
With a data set of more than 500 samples, we have begun to map
the distribution of organic carbon, biogenic opal, and calcium
carbonate in surface and near-surface sediments of the antarctic
continental shelf. Our principal objective is to provide a base-
line study of the variability in styles of organic sedimentation on
the antarctic shelf during an interglacial interval. We view this
as a necessary first step in the interpretation of downcore proxy
records of paleoceanographic events in the antarctic seas. Sec-
ondary objectives are to estimate the degree of sediment re-
working based on biogenic components and to assess preserva-

tion in the sediments of patterns of primary productivity in
surface waters.
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Figure 1. The percent by weight of organic carbon vs. blogenic silica
in surface sediments from all study areas on the antarctic continent-
al shelf. (Samples were taken during austral summers 1978-1979,
1979-1980,1980-1981,1981-1982,1982-1983, and 1983-1984 from
the USCGC Polar Sea and during Antarktls 11/3 from the FS Polarstern.)
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Organic carbon contents range from 0.1 percent to nearly 2
percent by weight. In general, the siliceous sediments are also
enriched in organic carbon. We note that the average organic
carbon/opal ratio in antarctic shelf sediments is low (approx-
imately equal to 1A5) compared with siliceous shelf sediments
from mid-latitude areas [approximately equal to 1/2 in Santa
Barbara Basin and the Monterey Formation and approximately
equal to 1/7 in the Gulf of California (Dunbar in press; Donegan
and Schrader 1981)]. We believe this is due in part to greater
degradation of organic carbon compared with silica dissolution
during deposition on the antarctic shelf. Although considerable
scatter is evident in figure 1, samples from specific geographic
locations often exhibit a very well defined relationship between
organic carbon and opal contents. We believe this ratio may be
of value as a diagnostic tool to determine environment of depo-
sition and the degree of reworking.

Siliceous, organic rich sediments are accumulating at depths
between 500 and 1,000 meters (figure 2) in many deep basins
and glacial troughs of the antarctic shelf. At depths shallower
than 300 meters, organic carbon and opal are removed from the
sediments by dissolution, degradation, and transport under the
influence of bottom currents. The basins apparently act as sedi-
ment traps for material which is winnowed from shallower
regions. The moderate opal contents at depths greater than 1
kilometer represent sediments accumulating in the Bransfield
Strait basins of the Antarctic Peninsula, where biogenic sedi-
mentation is masked by a significant supply of terrigenous
material. In contrast, the high biogenic content of the Ross Sea,
George V Coast, and Pennell Coast basins reflects only minor
input of terrigenous material from the continent in these higher
latitude glacial settings. The observation that sedimentation
rates in basins and other protected shelf areas may be as high as
2-3 millimeters per year (Cochran and DeMaster personal com-
munication) suggests that significant quantities of organic car-
bon may be sequestered on the antarctic shelf.

Surface sediment collection by Mike Smith (Rice University)
during austral summer 1983-1984 has resulted in a sample
coverage of sufficient density to produce a map of biogenic

ANTARCTIC SURFACE SEDIMENTS
DF79 DF80 DF81 DF82 DF83 DF84 ANT 11/3
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Figure 2. Weight percent biogenic silica vs. depth for antarctic shelf
surface sediments. (Samples were taken during austral summers
1978-1979, 1979-1980, 1980-1981, 1981-1982, 1982-1983, and
1983-1984 from the USCGC Polar Sea and during Antarktis 11/3 from
the FS Polarstern.)

Figure 3. Biogenic silica concentrations in surface sediment sam-
ples from the southern Ross Sea shelf (light contours indicate depth
in meters, heavy contours, weight percent blogenic silica). Black
circles indicate sample locations.

components in surface sediments of the southern Ross Sea
(figure 3). The increase in silica content from east to west has
been previously noted by Truesdale and Kellogg (1979) and
DeMaster, Nittrouer, and Hoffman (1983). This distribution
may partially be due to greater net productivity in the western
Ross Sea but also reflects the influence of shelf currents. Re-
working by impinging bottom currents is a major process con-
trolling the distribution of biogenic components in the eastern
Ross Sea. Transport of winnowed material to the south and west
is reflected by the accumulation of biogenic sediment in the lee
of banks. Evidence for reworking and transport is provided by
the occurrence of siliceous (greater than 20 percent opal) sedi-
ment depleted in organic carbon (less than 0.5 percent) in
shallow shelf basins of the central Ross Sea adjacent to the ice
shelf (figure 3). Deep circulation in the western Ross Sea may be
more sluggish resulting in the accumulation of biogenic sedi-
ments over an extensive area. The high biogenic contents on the
southern flank of Crary Bank represent deposition on a quies-
cent region of the seafloor sufficiently shallow so as not to be
diluted by terrigenous material which is trapped in deep basins
adjacent to the Victoria Land coast.

This work was supported by National Science Foundation
grants INT 83-14541 and DPP 83-12486.
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Benthic life under thick ice

P. K. DAYTON, G. L. KOOYMAN,
and J. P. BARRY

Scripps Institution of Oceanography
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The Ross Ice Shelf in southern McMurdo Sound is an impen-
etrable barrier to marine biologists; however, there are a few
spots where biologists have set traps or made scuba dives (Lit-
tlepage and Pearse 1962; Dayton and Oliver 1977) and sampled
isolated spots. Our field team used a deep submersible camera
(figure) to make several benthic photographic surveys along
tidal cracks and rifts at White Island (50-, 140-, and 150-meter
depths), Heald Island (130- and 200-meter depths), The Strand
Moraines (140-meter depth) and near Scott Base (200- and 316-
meter depths). While the early workers assumed that life in
these areas was sparse, our results corroborate more recent
work at White Island (Dayton and Oliver 1977; Knox 1981;
Kooyman unpublished photographs) which shows that the
strong southerly current advects nutrients to support a rich and
varied biota and 25-30 well nourished Weddell seals. The cam-
era surveys cover many meters each and give good data on the
degree of patchiness of the bottom fauna.

Preliminary analyses of these photo transects show that the
Scott Base and White Island bottom communities are similar to
those off McMurdo Station -in that they are dominated by rich
associations of sponges and bryozoans (Dayton et al. 1974). The
pattern from McMurdo Station—that zonation of bryozoans
becomes more dominant than sponges in deeper depths
(Dayton 1979)—appears to hold on some transects of the pres-
ent survey but not in others. This may result from growth
differences on very steep cliffs (Scott Base) and steep unstable
cobble (White Island) bottoms. Both The Strand Moraines and
the shallow Heald Island surveys showed benthic communities
intermediate between those observed at White Island and Car-
wood Valley (Dayton and Oliver 1977) because they had patches
of bryozoans on a cobble bottom. The deeper Heald Island
transect was over a muddy bottom reminiscent of the relatively
depauperate New Harbor sites (Dayton and Oliver 1977).

The explanation of these patterns rests with understanding
the complicated hydrographic regimes of southern McMurdo
Sound. Preliminary analysis of the oceanographic data taken
with each transect supports the rough model of strong shallow
southerly flow at Hut Point and White Island advecting much
pelagic plankton and a weak (perhaps deeper) northerly flow
along the west sound with no plankton (Dayton and Oliver
1977; Heath 1977).

Deep submersible camera suspended 30 meters below a seal hole.
This camera Is being used to survey by photographs the bottom of
the areas under shelf Ice. (Photographed by R.W. Davis.)

This work was supported by National Science Foundation
grant DPP 83-00189. We appreciate field support of R. Davis, T.
Williams, and P. Mauluf. We are especially grateful to the many
antarctic support personnel who have helped in so many ways.
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Ecology of sea-ice microbial
communities in McMurdo Sound,

Antarctica, in 1983

S. T. KOTTMEIER, A. M. MUSCAT, L. L. CRAFT, J. E.
KASTENDIEK, and C. W. SULLIVAN

Marine Biology Researc'i Section
Department of Biologica Sciences
University of Southern California

Los Angeles, California 90089-0371

Annual sea ice in McMurdo Sound provides several micro-
habitats for the growth of rich and diverse sea-ice microbial
communities (Bunt and Wood 1963; Palmisano and Sullivan
1983-a) and sea-ice fauna (Dayton, Robilliard, and DeVries 1969;
Bunt and Lee 1970). Microalgae (predominantly diatoms), bac-
teria, and protozoa grow in this environment where seawater
temperatures average - 1.81°C (with a standard deviation of ±
0.08) (Littlepage 1965), salinity is up to 5 times normal seawater,
and light typically measures less than 1 percent of incident
(Sullivan et al. 1983). Microalgal growth accumulates in
amounts approaching the theoretical maximum for phy-
toplankton of 400 milligrams of chlorophyll a per square meter
(Steemann Nielsen 1962), while the underlying water may be
relatively depauperate. A diverse sub-ice fauna including
pteropods, copepods, amphipods, and fish has also been de-
scribed. Thus sea ice may be of considerable importance in both
primary and secondary production of polar marine ecosystems
(Palmisano and Sullivan 1983-a; Sullivan and Palmisano 1984).

During the 1983-1984 austral summer, we addressed the fol-
lowing research questions concerning the physiology and ecol-
ogy of sea-ice microbial communities:
• What is the influence of temperature on microalgal

photosynthesis?
• What are the rates of primary and bacterial production in the

annual sea ice and underlying water column during the aus-
tral spring/summer?

• What microfauna and macrofauna are associated with the sea
ice, and do they graze on microalgae of the sea-ice microbial
community?
In temperature experiments, sea-ice microbial community

slurries were incubated in a temperature-controlled chamber,
under simulated in situ downwelling irradiance. Blue-green
filters approximated the spectral composition at an irradiance of
41 micro Einsteins per square meter per second, which is sat-
urating for photosynthesis of sea-ice microbial community mi-
croalgae (Palmisano and Sullivan 1983b; see Palmisano, Soo
Hoo, and Sullivan, Antarctic Journal, this issue). Peak fixation of
carbon was observed between 4°C and 8°C (figure). This can be
compared to a peak at 5-15°C found for microalgae of the sub-
ice platelet layer by Bunt (1964-b) and approximately 7°C found
for antarctic phytoplankton (Neori and Holm-Hansen 1982).
These results indicate that while microalgae carbon at the an-
nual mean temperature of seawater in McMurdo Sound of
-1.81°C, maximal fixation of carbon occurs at elevated
temperatures.

In situ rates of radio labeled carbon-14 dioxide fixation (photo-
synthetic performance) and bacterial production (incorporation
of radiolabeled tritiated thymidine) were measured in a light
perturbation experiment, designed to study the effect of ex-

TEMPERATURE (° C)

Relative rate of carbon-14 dioxide fixation for sea-Ice microbial
community microalgae derived from congelation ice (relative to
ambient —1.8° C) versus temperature. Different symbols represent.
six separate experiments, performed In triplicate over a range of
temperatures.

tremes in downwelling irradiance on the growth and develop-
ment of the sea-ice microbial community. A snow-free quadrat
(100 square meters), representing natural snow cover at the
onset of the experiment, and a snow-covered quadrat (100
square meters with 1-meter snow cover), were maintained on
annual sea ice south of Winter Quarters Bay. Downwelling
irradiance beneath the snow-free quadrat was maximally 8 per-
cent of surface irradiance, while beneath the snow-covered
quadrat it was 0.02 percent. The low irradiance beneath the
snow-covered quadrat prevented significant microalgal photo-
synthesis, set limits for determination of compensation inten-
sity, and served as a control for accumulation of the sea-ice
microbial community by physical processes including ice accre-
tion, ice nucleation and scavenging, and microbial adhesion to
ice crystal surfaces.

A bloom of microalgae was observed to begin during early
November in the sea ice beneath the snow-free quadrat, and
continued until mid-December, when ice ablation occurred. No
comparable bloom was observed in the sea ice beneath the
quadrat covered with 1 meter of snow. Maximum amounts of
chlorophyll a, carbon fixation, and bacterial production were
1-2 orders of magnitude greater in the snow-free quadrat than
the snow-covered quadrat (table 1). These results further sub-
stantiate our previous work, which suggested that light avail-
ability controls the growth and development of the sea-ice
microbial community in McMurdo Sound (Sullivan et al. 1983).

Microbial biomass and activity were low in the water column
beneath the sea ice until mid-December, when a Phaeocystis
bloom appeared, possibly advected into the region from further
north in the Ross Sea. Prior to the bloom, maximum amount of
chlorophyll a and carbon fixation were two orders of magnitude
lower, while bacterial production was virtually the same (table
2). During the early Phaeocystis sp. bloom, rates of carbon fixation
were greater than reported by Bunt (1964-a), while bacterial
production was comparable to that reported by Fuhrman and
Azam (1980). These results suggest that an integrated water
column of 10-1,000 meters contains the same amount of chlo-
rophyll a, carbon fixation, and bacterial production as con-
gelation ice and sub-ice platelets totaling 3 meters in thickness.
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Table 1. Maximum amounts of chlorophyll a, in situ carbon
fixation, and in situ bacterial production found in sea ice from a

light perturbation experiment.

Snow-free	1-meter
snow-covered

Table 2. Maximum amounts of chlorophyll a, in situ carbon
fixation, and in situ bacterial production found In the water
column (3 meters), below sea ice from a light perturbation
experiment, before and during a Phaeocystis sp. bloom.

Pre-bloom	Early bloom

Chlorophyll a	 Ca	29	 6
(in milligrams per
square meter)	 pb	20	 2

Total	 49	 8

Carbon fixation	 C	12	 ndc

(in milligrams of carbon per
square meter per hour)	P	10	 0.24

Total	 22	 ^0.24

Bacterial production	 C	2.11	0.06
(in 1010 cells per square
meter per day)	 P	0.16	0.06

Total	 2.17	0.12

a Congelation ice.
b Sub-ice platelet layer.

Not detected.

In contrast to the rich and diverse sea-ice microbiota, scuba
divers observed a relatively depauperate macrofauna associated
with the sea ice. Amphipods (tentatively identified as two
benthic species, Paramoira walkeri and Orchemenia plebs) were
present at densities of 5-10 per square meter in the sub-ice
platelet layer beneath both quadrats. Unidentified calanoid
copepods, at densities of 1,000 per cubic meter were isolated
from the microalgal bloom in the sub-ice platelet layer beneath
the snow-free quadrat. Motile epibenthic fauna associaed with
detached anchor ice were observed in the sea ice as Dayton,
Robilliard, and DeVries (1969) described. Fingerlings of the
nototheniid fish, Trematomus bernacchii, a benthic carnivorous
species, were observed swimming beneath the ice and
perched" on sub-ice platelets, which may serve as refugia from

predation. Numerous pteropods were present beneath the sea
ice before the Phaeocystis bloom, while during the bloom many
ctenophores and salps were also observed.

Experiments were performed with amphipods in the pres-
ence of microalgal slurries to test the effect of amphipods on the
growth of microalgae. The presence of P. walkeri was found to
decrease the amount of microalgae during incubation and mi-
croalgae were observed microscopically in its gut. Presence of
0. plebs enhanced the growth of the microalgae. These results
suggest that grazing on microalgae by P. walkeri may occur in
situ. Due to the low density of amphipods in our study area,
grazing probably had a minimal impact on the accumulation of
microalgae in the sea ice.

Our continuing research suggests that the sea-ice microbial
communities contribute significant primary and secondary
production to polar marine ecosystems by growth in sea ice at
temperatures close to - 1.81° C, despite optimal metabolism at
temperatures well above freezing. Large accumulations of mi-
croalgae result from growth with adequate nutrients and light,
and possibly low grazing pressure by macrofauna.

The authors thank Glen Smith and Greg Stanton of Florida
State University and John Wood of ITT Antarctic Services, Inc.

Chlorophyll a	 0.044	 5.260
(in milligrams
per cubic meter)

Carbon fixation	 0.006	 0.404
(in milligrams of carbon
per cubic meter per hour)

Bacterial production	 1.09	 1.12
(in 109 per cubic
meter per day)

for diving support. Brian Matter of ITT, is also commended for
drilling dive holes through sea ice and bulldozing snow on sea
ice to create the light perturbation experiment. Anna Palmisano
and Janice Beeler Soo Hoo assisted in the field. This research
was supported by National Science Foundation grant DPP
81-17237 to Sullivan.
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Photoadaptation in sea-ice microalgae
in McMurdo Sound

A. C. PALMISANO,

J. B. SooHoo, and
C. W. SULLIVAN

Allan Hancock Foundation and
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University of Southern California

Los Angeles, California 90089

Microalgae living in the bottom of annual sea ice in McMurdo
Sound, Antarctica are uniquely adapted to ambient low-light
conditions. Irradiance beneath annual sea ice is typically less
than 1 percent of surface downwelling irradiance; light is at-
tenuated when it passes through surface snow, 2 to 3 meters of
sea ice, and the algal layer. Despite irradiances often less than 15
microEinsteins per square meter per second, standing crops as
high as 300 milligrams of chlorophyll a per square meter have
been reported for sea-ice microalgae in McMurdo Sound (Pal-
misano and Sullivan 1983). Over two decades ago, Bunt (1964)
suggested that sea-ice microalgae are "shade" adapted; since
then, however, this problem has received little attention.

In the austral spring of 1983, we began a study of photoadap
tation in sea-ice microalgae. Our study site was offshore of Cape
Armitage where annual sea ice was 230 centimeters thick. Sam-
ples were collected from the bottom of hard congelation ice
using a SIPRE ice auger and from the unconsolidated ice-platelet
layer by scuba divers. The mean standing crop of sea-ice micro-
algae at our study site was 169 milligrams of chlorophyll a per
square meter. Carbon-to-nitrogen ratios averaged 7.5. Pha-
eopigments in Cape Armitage sea ice were low, with phaeopig-
ment-to-chiorophyll ratios consistently below 0.1.

We studied the relationship between photosynthesis and ir-
radiance over a range of 0-300 microEinsteins per square meter
per second. Photosynthetic rate was estimated by the uptake of
NaH 14CO3 at - 2°C, the ambient water temperature in
McMurdo Sound. We fit the data to the empirically derived
equations of Platt, Gallegos, and Harrison (1980) which describe
photosynthesis as a continuous function of light. A photo-
synthesis/irradiance curve for sea-ice microalgae from Cape
Armitage congelation ice collected on 1 December 1983 is
shown in the figure. A maximum photosynthetic rate (P max) of
0.06 milligrams of carbon per milligram of chlorophyll a per
hour was reached at 5 microEinsteins per square meter per
second. This P max is significantly lower than those for tempe-
rate phytoplankton whose P max rates usually range from 2-10

milligrams of carbon per milligram of chlorophyll a per hour
(Falkowski 1981). Photosynthesis was inhibited at irradiances
greater than 60 microEinsteins per square meter per second.
Our data demonstrate the extremely shade-adapted nature of
photosynthesis in ice microalgae.

We are currently using sea-ice microalgae as a model to study
the rate of photoadaptation to altered light fields. By manipulat-
ing light available to sea-ice algae using snow cover, we followed
shifts in photosynthetic parameters in algal cells exposed to
higher or lower irradiance. Moreover, shifts in in vivo absorp-
tion and fluorescence excitation spectra were evident in sea-ice
microalgae at reduced irradiances. These results may indicate
changes in photosystems or an increasing role of accessory
pigments in light harvesting and energy transfer (SooHoo et al.
in preparation). We also obtained evidence that the end prod-
ucts of photosynthesis vary considerably between congelation
and platelet ice communities.

We thank Ann Muscat, Jon Kastendiek, Lin Craft, and John
Wood for diving support and Steve Kottmeier and Glen Smith
for field assistance. This research was supported by National
Science Foundation grant DPP 83-04985.

Photosynthesis-irradiance relationship In sea-ice microalgae col-
lected from the bottom of congelation ice at Cape Armitage. ("MG C/
MG CHL A/HR" denotes milligrams of carbon per milligram of chlo-
rophyll a per hour; "pEIM2ISEC" denotes microEinsteins per
square meter per second.)
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Species-specific productivity in an ice-
edge phytoplankton bloom in the

Ross Sea

D. L. WILSON and W. 0. SMITH

Department of Botany
University of Tennessee

Knoxville, Tennessee 37996

Recent studies have shown the importance of phytoplankton
blooms in marginal ice zones (e.g., El-Sayed and Taguchi 1981),
yet little is known concerning the duration, extent, or control
mechanisms of such blooms. During January and February
1983, we conducted a study of the ice-edge phytoplankton
bloom in the Ross Sea. The purpose of this study was to deter-
mine the level and nature of phytoplankton production within
the bloom and to assess the relationship between the spatial and
temporal distribution of this production and the physical and
chemical characteristics of the water column. As part of this
project, grain-density autoradiography, coupled with quan-
titative cell counts, was used to determine the relative contribu-

tion of individual species to the overall production of the bloom.
This procedure allowed us to assess the productivity of each
species encountered so we could determine if epontic species
were physiologically active upon release into the water column.

Between 26 January and 2 February 1983, 36 hydrographic
stations were occupied along three transects situated perpen-
dicular to the receding ice edge (figure). Those stations closest
to shore (e.g., station 36) were in 100 percent ice cover while
those most seaward (e.g., stations 41-43) were in open water.
Two transects can be defined by stations at which species-
specific productivity was measured: transect 1: stations 2, 3, 4,
5, 11; and transect 2: stations 34, 35, 32, 29, 27. At each station
along these two transects water samples were collected from the
depths of 100-, 30-, and 5-percent light penetration and were
used to measure standing stock and relative abundance of spe-
cies present as well as for autoradiographic analysis. Auto-
radiography was completed using the methods of Paerl and
Goldman (1972). Routine primary productivity was measured
from water samples collected at seven depths at each of the
hydrographic stations.

The study area was characterized by elevated levels of pri-
mary production and phytoplankton biomass which extended
some 250 kilometers seaward of the ice edge. The mean surface
and integrated euphotic productivity within the study area
were 2.39 ± 1.12 milligrams of carbon per cubic meter per hour
and 936.5 ± 497.1 milligrams of carbon per square meter per

Study area. Stations represented by squares indicate stations at which autoradiography was performed.
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day, respectively. The highest integrated productivity (22.53
milligrams of carbon per square meter per day) was observed at
station 18. Smith and Nelson (in preparation) provide a more
detailed description of the spatial distribution of biogenic mate-
rial within the study area and its relationship to the hydro-
graphic characteristics of the water column.

Quantitative cell counts revealed that the bloom was domi-
nated primarily by a single species, Nitzschia curta (section Frag-
ilariopsis) with Nitzschia clostrium being the second most com-
mon species. Total cell counts were 9.52 X 10, 9.15 x 10, and
9.22 x 109 cells per cubic meter at the 100-, 30-, and 5-percent
light depths, respectively. N. curta accounted for 63.13 ± 5.44
percent, 67.50 ± 7.88 percent, and 78.16 ± 12.98 percent of the
standing stock at the same depths, respectively, and did not
show a high degree of variability between the two transects. In
contrast, N. closterium accounted for 16.04 ± 10.95 percent,
19.55 ± 11.28 percent, and 5.89 ± 4.41 percent at depths
sampled along transect 1 and less than 5 percent of the standing
stock along transect 2.

Autoradiographic analysis of the relative activity of each spe-
cies coupled with relative abundance data allowed the calcula-
tion of relative or "species-specific" productivity. N. curta ac-
counted for 86.6 ± 12.40 percent of the total productivity at the
surface, 87.23 ± 10.74 percent at the 30 percent light depth, and
93.58 ± 7.03 percent at the 5 percent light depth. In contrast, N.

closterium accounted for 17.55 ± 13.88 percent of the productivi-
ty at the surface, 17.43 ± 12.27 percent at 30 percent light depth
and 4.77 ± 7.53 percent at the 5 percent light depth at stations
along transect 1 but less than 2.0 percent of the productivity
along transect 2.

Much attention is currently being focused on ice-edge phy-
toplankton blooms and their causative mechanisms. Several
processes have been hypothesized as being important to the
initiation and development of these blooms. These include:
wind dampening effects of ice, meltwater-induced vertical sta-
bility, and seeding of surface waters by epontic-algae. Smith and
Nelson (in preparation) have demonstrated that meltwater in-
put was important to the development of a vertically stable
regime favorable for phytoplankton growth. In addition, since
both N. curta and N. closterium are known to be significant
components of the ice-algal communities in the Ross Sea and
since we observed these species in ice samples obtained near
our study area, the autoradiographic data provide indirect evi-
dence that melting pack ice released viable cells into the ice-
edge waters, and we suggest that this process was of critical
importance in the development of the observed bloom.

We wish to thank David Nelson, P. Whaling, J. Elser, S.
Moore, C. Weimer, M. Carbonell, and the captain and crew of
the USCGC Glacier for their assistance in this study. This work
was sponsored by National Science Foundation grant DPP

81-19572.
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Phytoplankton studies of the Scotia
Ridge

C. D. HEWES

Polar Research Program, A-002
Scripps Institution of Oceanography
University of California at San Diego

La Jolla, California 92093

This study was carried out during the Protea Expedition on
board RJ1V Melville between 20 February and 31 March 1984.
Regions proximal to four island groups (South Georgia, South
Orkney, Elephant Island, and King George Island) were investi-
gated with respect to surface concentrations of nanoplankton
(less than 10 micrometers in diameter) and microplankton
(greater than 10 micrometers in diameter) chlorophyll, ade-
nosine triphosphate, particulate organic carbon, and auto-
trophic and heterotyrophic microbial eucaryotes (via micro-
scopical analysis). These samples were taken during transects
which were between deep oceanic and shallow shelf waters
north of the Scotia Ridge. In addition to the samples taken along
the Scotia Ridge, four samples were obtained during the trans-
ect up the Bransfield Strait.

A relationship was found between the percentage of surface
nanoplankton chlorophyll concentration and depth of the
ocean bottom for the South Orkney Islands. The data indicate
that near this island group, surface phytoplankton stocks con-
tained more than 50 percent microplankton cells in oceanic
regions which were less than approximately 2,000 meters in
depth (figure, part A). This trend, however, was not found for
the other island groups which were transected.

Several recent studies have indicated that krill are much more
efficient grazers of microplankton-sized particulates than they
are of nanoplankton (Boyd 1982; McClatchie and Boyd 1983;
Meyer and El-Sayed 1983; Quetin and Ross in press). It is ex-
pected that krill graze down microplankton stocks (Hardy and
Gunther 1935; Marr 1962), but nanoplankton biomass should be
much less affected. Therefore, because krill are thought to be
the dominate herbivore around the Antarctic Peninsula, the
percentage of nanoplankton biomass in specific localities may
reflect the extent of predation by krill.

Macaulay, Daly, and Mathisen (Antarctic Journal, this issue),
with an acoustical array, continuously monitored net zoo-
plankton density. They found that krill population density var-
ied greatly between the islands studied (e.g., Elephant Island
was higher than King George Island, both were much higher
than South Georgia Island, and all, in turn, were much higher
than the South Orkney Islands). With respect to their findings,
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a trend between the ratio of nanoplankton chlorophyll to total
chlorophyll concentrations with respect to the depth of the
water column and krill population density can be described
(figure).

Data from close to the South Orkney Islands, which showed
an inverse relationship between surface microplankton chlo-
rophyll and bottom depth, also contained the lowest krill bio-
mass. At Elephant and King George Island (highest krill abun-
dance), the shallow waters were found to contain a much lower
proportion of microplankton chlorophyll, and the transition in
the size spectrum for the phytoplankton with respect to bottom
depth was not obvious (figure, part B). South Georgia Island
and the Bransfjeld Strait (intermediate krill concentrations)
showed characteristics common to both the South Orkney Is-
land transect and the King George/Elephant Islands transects
(figure, part C). The chlorophyll samples taken in these regions
at stations having krill "patches" (open symbols in figure, part
C) indicated that a transition of dominance in the phy-
toplankton particle size distribution could result (figure, part
C). These data thus indicate that both the depth and stability of
the water column and grazing activities of krill define the condi -
tions under which microplankton stocks are able to develop.

The crew of the R/V Melville is sincerely thanked for their
cooperation during the expedition, and much appreciation goes
to M. Macaulay for his personal input concerning acoustical
surveys. The Polar Research Program at Scripps Institution of
Oceanography is gratefully acknowledged for donating all the
equipment and supplies to carry out this research, while the
Division of Polar Programs supplied round trip transportation
to the Southern Hemisphere. C.D. Hewes was the sole partici-
pant on this project.
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Spatial variability of phytoplankton
biomass in the Indian sector of the

southern ocean

L. H. WEBER and
S. Z. EL-SAYED

Department of Oceanography
Texas A&M University

College Station, Texas 77843

Data collected during the 1981 S/A Aguihas cruise (El-Sayed
and Hampton 1981) in the southern oceans region south of
Africa (15-30°E 62-69°S) have been analyzed using multivariate
and spectral analysis techniques. Interrelationships between
phytoplankton and krill, in the context of the physico-chemical
environment, are expressed as (1) correlations between krill
density-aggregations and phytoplankton biomass, (2) shifts in
the size distribution of the phytoplankton prey community, and
(3) spatial patterns of predator and prey biomass distribution
(Weber and El-Sayed 1984; Weber and El-Sayed in press; Weber
in preparation).

Niskin bottle water samples collected from seven depths
within the euphotic zone at each of 21 daytime stations were
analyzed for physical (temperature, sigma-t), chemical (salinity,
nitrate, phosphate, silicate, dissolved oxygen), and biological
(chlorophyll a, phaeopigments, adenylates, energy charge, pri-
mary productivity) characteristics. These data were coupled
with acoustically derived estimates of krill biomass and swarm
characteristics within a 10-kilometer radius of each station
(mean krill density integrated from near surface to a depth of
100 meters, number of swarms, mean radius of swarms, max-
imum biomass of an individual swarm) and subjected to simple
correlation, multiple regression, and canonical correlation ana-
lyses. Although mean integrated krill density was negatively
correlated with chlorophyll concentration, there was a positive
correlation between chlorophyll and the size and biomass of
individual swarms. Stations with relatively high concentrations
of krill had more phaeopigments relative to chlorophyll in the
greater than 20 micrometer phytoplankton size fraction. If the
chlorophylllphaeopigment ratio is taken as an index of grazing,
this suggests that krill were selectively feeding on larger cells.

Continuous horizontal profiles of temperature, surface in vivo
fluorescence, and integrated krill density were subsampled at
2-, 1-, and 1-kilometer intervals respectively, for 12 daytime
transects within the study area. The mean power spectra (vari-
ability as a function of inverse wavelength) for these three
parameters are shown in the figure. The general similarity
between the variance spectra of temperature and fluorescence
suggests that the phytoplankton variability was determined to a
large extent by physical mixing processes over horizontal scales
of 5-20 kilometers (Platt and Denman 1980). However, the
steeper slope of the fluorescence spectrum suggests input of
variance by nonlinear interactions, such as the predator-prey
relationship described in the Lotka-Volterra system of equations
(Steele and Henderson 1979). A flattening of the spectrum at
higher frequencies indicates that finer sampling resolution will
be required to characterize completely the variability of in vivo
fluorescence. As evidenced by a nearly horizontal variance
spectrum, heterogeneity in krill abundance occurred over all

length scales resolved (roughly 2-20 kilometers). Spectra for the
individual daytime profiles of krill had a consistent variance
peak at a scale of 2-5 kilometers, suggesting that aggregations
are characteristically separated by such a distance. Cross-spec-
tral analysis revealed that the horizontal daytime profiles of krill
and phytoplankton displayed consistent positive coherence at
the scale of 2-5 kilometers.

We are indebted to Ian Hampton, Denzil Miller, John Henry,
and their associates at the South African Sea Fisheries Research
Institute. They not only extended the invitation for us to partici-
pate in the s/A Aguihas cruise but also have freely shared their
krill and hydrographic data. This research was supported, in
part, by National Science Foundation grant DPP 81-11107.
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Cycles/Km

Mean, normalized power spectra for temperature, in vivo fluores-
cence, and krill biomass for 12 daytime transects from the 1981 S/A
Agulhas cruise. Estimates at 0.0 frequency have been assigned
arbitrarily to a frequency of 0.01 for plotting on a log scale. ("Temp."
denotes temperature; "Fluoro." denotes fluorescence; "Km" de-
notes kilometer.)
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Net sampling of the zooplanklon and
krill in and around Elephant Island

J. H. WORMUTH

Department of Oceanography
Texas A&M University

College Station, Texas 77843

I spent several weeks (from 19 March to 1 April 1984) doing
acoustic survey work in all the areas suspected of having krill
swarms, mostly around Elephant Island and islands along the
north side of the Bransfield Strait. I found no large swarms were
found; in fact, I found few krill. Salps appeared to be the
dominant organism. I established a major station just north of
Elephant Island (60058iS 55°6.0'W). In this area 31 multiple
opening/closing net and environmental sensing system (Moc-
NESS) tows were taken. The last two tows were for special
studies. Most tows were to an 80-meter depth so that they
would be comparable to the water column samples from this
area taken in 1981. Several tows went as deep as 250-350
meters. The samples from all tows were documented pho-
tographically, and some tows were examined using silhouette
photography. Both procedures were done on an experimental
basis.

A subjective review of the photographs of each tow leads me
to a few generalizations:
• During the day salps were usually found from 30 to 80 meters

(see figure 1).
• At night salps were usually found from 0 to 80 meters sug-

gesting a diel migration of some 30 meters (see figure 2).
• Copepods were in much lower concentrations in this area

than in 1981.
• Adult krill were spotty in their occurrence and low in abun-

dance overall.
• Larval krill were quite rare or absent in all tows.

Tow MOC1-89 was made during the day to test the effect of
net speed on net angle. This was done to see whether the
coarser mesh nets and added weight would allow faster towing
for a given net angle thereby making it harder for the krill to
avoid the net. A depth of about 50 meters was chosen to max-
imize the probability of encountering a patch of krill during the
test. Net speed was calculated from a flowmeter mounted di-
rectly in front of the net. Our net speed ranged from 2.75-3.95
knots. In the past maximum angles sometimes ranged from
55-60° during a tow at speeds of 3 knots. This reduces the
mouth area from 1 meter at 45° to 0.7 meter at 60°. A comparable
tow with the finer mesh (333 micrometers) and a single weight
has not been done so an unqualified comparison is not possible.
It appears, however, that the new configuration allows towing
about 1 knot faster for a given net angle.

A final tow, MOC1-90, was a day-time tow to explore the
usefulness of acoustics attached to the MOCNESS frame. It was
necessary to tie wrap coaxial cable to the conducting cable so
deployment took almost 1 hour. The net was lowered to about
100 meters at steerage speed and then speed was increased to
bring the net up to about a 70-meter depth. Unfortunately no
swarms were encountered during the tow, but I did note the
approach of targets to the net. With the addition of a transducer
looking across the net as well as one looking up or down, targets
could be tracked into the net. The forward-looking transducer
used needs input from other directions to have the correct
geometry for recording certain capture, but this preliminary
test was very promising.

This work was supported by National Science Foundation
grant DPP 82-18890. Other investigators on this study were M.
Macaulay, E. Shulenberger, E. Lange, V. Loeb, and H. Sleeper.

Figure 1. A day-time tow near Elephant island. Samples represent
10-meter intervals starting from 0-10 meters (left) to 70-80 meters
(right).

Figure 2. A night-time tow at the same station. Samples are in the
same order as above, but the two jars on the right are from 70-80
meters.
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Development, swimming, and feeding
of early stages of krill

H. P. MARSCHALL

Alfred- Wegener-Institut
für Polarforschung

Bremerhaven, Federal Republic of Germany

During austral summer, January to March 1984, I conducted
studies of early development stages of krill including swim-
ming and feeding behaviors. I did my research at Palmer Station
and on three cruises with RIv Hero.

Gravid females, captured in the Gerlache Strait area, were
incubated in the laboratory at Palmer Station in 3-liter jars to
obtain eggs and to raise larval krill.

Fertilization of eggs seemed to take place shortly before or
during spawning. The fertilization rate was always high. Sperm
were usually attached to eggs; free floating sperm were not
observed. During incubation, some gravid females moulted.
One to two days after moulting, they released fertilized eggs,
which developed normally. When observed immediately after
spawning, usually a single sperm was attached to the egg (fig-
ure 1). Egg and sperm were covered by a gelatinous layer, which
was clearly visible only when using phase-contrast microscopy.
Perivitelline space developed within 1-2 hours. One polar body
developed within this space, in the subsequent division plane
(figure 2). During development to the first calyptopis, I pre-
served a series of specimens for light- and electron-
microscopical studies to follow the formation of internal organs.
From first calyptopis stage onward, I fed larvae with various
diatom cultures. I observed cannibalism on several occasions.
Larvae spawned at the beginning of February, reached second
furcilia stage by the time heft Palmer Station at the end of March
when the temperature was (4.5 ± 0.5°C). For further studies, I
brought larvae to the Alfred-Wegener-Institut in Bremerhaven;
some 50 of them are still alive at this time (end of October 1984).
They are presently 9 months old and have reached a total length
(interior margin of the eye to the posterior tip of the felson) of 20
to 25 millimeters.

Using data on sinking rates of eggs and timing of develop-
ment, Marschall and Hirche (1984) and Quetin and Ross (1984)
predict that the majority of nauplii may hatch at a depth of 1,000
to 1,200 meters and 800 meters, respectively. This depth is
considerably less than the 2,500 meters suggested by Marr
(1962). Nevertheless, even a "developmental ascent" of about
1,000 meters from the depth of hatching to the surface layer
where calyptopis aggregate for feeding means a great effort for
the small larvae.

Therefore in my studies, I emphasized swimming behavior
and swimming and sinking rates from nauplius to meta-
nauplius. I continued these studies on all developmental stages
until second furcilia inclusively. All experiments were per-
formed with laboratory-reared specimens. Larvae were filmed
in glass jars using a 16 millimeter movie camera (64 frames per
second) or a video system (25 frames per second).

Nauplii and metanauplii showed relatively uniform swim-
ming behavior. For short intervals, they swam straight upward
by flapping their appendages even when I changed the position
of the light source. Then they stopped flapping and hence
started to sink.

1
Figure 1. Egg of Euphausia superba few minutes after spawning.
Intrusion of the sperm. (400 x.)

2
Figure 2. Egg of Euphausia superba 1.5 hours after spawning (still
one-cell stage). Showing (from outside the egg to the inside) gela-
tionous layer, sperm, chorion, perivitelline space, and polar body.
(400x.)

During ontogenetic migration it would be energetically ad-
vantageous for larvae to swim straight upward. Nauplii show
three, metanauplii two swimming appendages which are inser-
ted in the anterior parts of their bodies well in front of the center
of weight. Thus, merely by beating the appendages equally on
both sides, they should swim straight upward.

Experiments revealed that nauplii, which had become buoy-
ant due to air-bubbles attached to their abdomen, showed an
inverted swimming behavior: upside down, they swam straight
downward and floated upward when they stopped swimming.
I observed no efforts to change swimming direction.

So far, only a few of the video tapes have been analyzed.
Swimming speed measured over distances of 1-4 centimeters
ranged in nauplii between 0.4 and 1.0 centimeters per second
and in metanauplii between 0.6 and 1.1 centimeters per second.
Single-frame analysis (25 frames per second) revealed that
swimming speed varied considerably as a result of the syn-
chronous flapping of appendages. Maximum swimming ve-
locities during the propulsion stroke were 1.4 and 2.4 cen-
timeters per second for nauplius and metanauplius stages,
respectively. They nearly stopped when they had retracted
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their appendages in the recovery stroke. Reaching meta-
nauplius stage the same specimens swam more frequently and
over longer distances than before. From video recordings, I
measured sinking rates of nauplii and metanauplii during the
phase of no flapping. Nauplii (with three swimming appen-
dages) sank with 0.07-0.15-centimeters-per-second rate, and
metanauplii (with two swimming appendages) sank with
0.22-0.25-centimeter-per-second rate, hence far more slowly
than they swim upward.

When first calyptopis stage was reached, swimming behavior
changed. From this stage on the larvae frequently swam in
different directions. Swimming speed of first calyptopis varied
between 0.4 and 0.8 centimeters per second and between 0.4
and 1.0 centimeters per second in first furcilia stage. Experi-
ments with different light levels showed that from first calyp-
topis onward the larvae seemed to avoid higher light intensities.

To measure sinking rates of these stages, I anaesthetized
larvae with nitrogen-saturated seawater. The drag of their ap-
pendages caused them to turn on their backs and they sank with
their long axis in an almost horizontal position. Sinking rates for
first calyptopis were 0.16-0.26 centimeters per second and
0.40-0.61 centimeters per second for first furcilia.

Using a 16 millimeter movie camera and a video system, I also
recorded movements of feeding and swimming appendages as
well as the water currents they produced. Because the early
larvae are so small, an inverted microscope was used to gain
higher magnification and proper illumination. To obtain film

sequences over longer periods, the larvae were glued to hairs
using cyanoacrylat.

The results of these studies and an investigation of the mor-
phology of feeding appendages (Marschall in press) should
lead to an understanding of the functional morphology of the
feeding appendages of krill larvae.

I thank the National Science Foundation for the opportunity
to work at Palmer Station and R.Y. George for preparing my
stay. The support personnel at Palmer Station, the crew of the
iIv Hero and Captain Lenie contributed outstanding help. I am
also grateful to L. Quetin and W. Hamner and their field parties
for their assistance during my time at Palmer Station.
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Analysis of data on the feeding
biology of antarctic sea stars and

brittle stars

J. H. DEARBORN and K. C. EDWARDS

Department of Zoology
University of Maine
Orono, Maine 04469

During the period August 1983 to June 1984, we completed
analyses at the University of Maine at Orono of the diets of 11
species of sea stars and 9 species of brittle stars obtained be-
tween 1981 and 1983 around the South Shetland Islands and
along the Antarctic Peninsula. The field work which provided
material for these studies was conducted aboard the R/v Hero
and has been described in prior reports (Dearborn, Edwards,
and Pratt 1981; Dearborn et al. 1982; Dearborn et al. 1983).

To date we have (1) identified the stomach contents from a
total of 7,315 individual specimens of asterozoan echinoderms,
(2) entered these data into computer files and completed appro-
priate statistical analyses, (3) prepared and examined by scan-
ning electron microscopy tissue samples from 18 species of
echinoderms, and (4) completed examination of a large number

of photographs of the sea floor and of living specimens feeding
in the laboratory at Palmer Station. All of these activities were
part of our continuing long-term goals of investigating the
diets, feeding behavior, and functional anatomy of feeding
structures of antarctic sea stars and brittle stars. Formal support
for this project terminated on 30 June 1984 but our activities
have continued with the preparation of manuscripts dealing
with individual species (e.g., Fratt and Dearborn in press, for
the brittle star Ophionotus victoriae).

Antarctic asterozoan echinoderms exhibit a wide variety of
dietary patterns and feeding behaviors. Some species such as
members of the genus Acodontaster which feeds on sponges and
Granaster nutrix which feeds primarily on small gastropods have
diets restricted to few prey items. In contrast, opportunistic
animals like Ophionotus victoriae and Labidiaster annulatus have
catholic food habits and may interact with 50 or more prey
species. Some of these echinoderms obtain their food primarily
from the water column as in the case of the large euryalid
ophiuroid Astrotoma agassizii which eats copepods and other
small planktonic crustaceans. Some echinoderms have signifi-
cant amounts of krill in their diets. Food of the large, multi-
armed sea star Labidiaster annulatus consists of up to 80 percent
by volume of krill at some locations. At least six other asterozoan
species have diets which include 40 percent or more by volume
of krill. Clearly the interactions between asterozoans and their
prey are complex and foods are obtained from both the sea floor
and the water column above.
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We are grateful to a number of taxonomists for aid in the
identification of prey organisms. Most recently these include
James A. Blake, Battelle New England Marine Research Labora-
tory (Polychaeta), Frank D. Ferrari, Smithsonian
Oceanographic Sorting Center (Copepoda), Joseph Rosewater,
U.S. National Museum of Natural History (Mollusca), Les E.
Watling, University of Maine at Orono (various crustaceans),
and Judith E. Winston, American Museum of Natural History
(Bryozoa). We thank David B. Fratt, Gordon F Hendler, and
William E. Zamer for technical assistance and continued collab-
orative efforts.

This work was supported by National Science Foundation
grant DPP 79-21537.
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Lipid composition of antarctic
midwater invertebrates
S. B. REINHARDT and E. S. VAN VLEET

University of South Florida
Department of Marine Science
St. Petersburg, Florida 33701

Total lipid, hydrocarbon, wax ester, triacylglycerol, and phos-
pholipid contents were determined by gas-liquid chromatogra-
phy and combined gas chromatography/mass spectrometry for
16 major macrozooplankton biomass species of a midwater
community in the East Wind Drift system. Samples for this
study were collected by T.L. Hopkins and B.H. Robison during
March and April of 1983 in basins (depths of 800-1,200 meters)
of the Croker Passage off the Antarctic Peninsula (figure) using
a discrete depth Tucker trawl. Principal biomass species in-
cluded: Euphausia superba, Salpa thompsoni, Metridia gerlachei,
Calanoides acutus, and Euchaeta antarctica. Before this study, the
lipid composition of a comprehensive sample of an antarctic
midwater community had not been analyzed.

Total extractable lipid content, expressed as percent of dry
weight, ranged from 0.5 percent in the coelenterate Diphyes
antarctica to 59.7 percent in the euphausiid Thysanoessa macrura
(table 1). Species with high lipid levels (greater than 40 percent)
included: the amphipod Eurythenes gryllus; the copepod Cal-
anoides acutus; and the euphausiid Thysanoessa macrura. These
organisms were caught at depths greater than 230 meters. In
general, total lipid levels in this study were similar to values
reported for more temperate species. Antarctomysis ohlinii (16.8
percent) did not have a significantly higher lipid content than
the 9-13 percent reported for temperate and subtropical mysids
(Linford 1965; Morris and Hopkins 1983). Lipid levels in the
antarctic chaetognath Sagitta gazellae (17.4 percent) were similar
to the 19 percent found in the bipolar species Eukrohnia hamata
by Lee in 1975, and less than the 30 percent measured in tempe-
rate species (Blumer, Mullin, and Thomas 1964). Lipid levels in
antarctic copepods Calanoides acutus (45 percent) and Metridia
gerlachei (21.4 percent) were lower than the 50-64 percent de-
tected in arctic copepods (Lee 1975), but within the 12-47 per-

cent range found in temperate and subtropical species (Sargent
and Lee 1975; Lee, Nevenzel, and Paffenhofer 1971). The 59.7
percent lipid in Thysanoessa macrura, however, exceeded the
23-40 percent range found for the temperate species T raschii

(Sargent and Lee 1975).
Hydrocarbons generally comprised less than 1 percent of the

total lipids in all species studied. Two types were analyzed:
aliphatic hydrocarbons and polycyclic aromatic hydrocarbons
(PAH's). No PAH compounds were detected in any of the organ-
isms analyzed in this study. These compounds may be trans-
ported too quickly to the sea floor to allow incorporation into
the mesopelagic food web.

Aliphatic hydrocarbons, measurable in all samples, ranged
from less than 0.01 percent of the total lipids in several samples
to 4 percent in Calanoides acutus. The ratio of odd carbon chain-
length (0) alkane abundances to even chain-length (E) abun-
dances was calculated. Seventy-four percent of the antarctic
invertebrates studied had o/E values less than one, indicating a
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Triglycerides
(expressed as
percentage of

total lipids)

71.3
68.8
60.9
45.8
57.6

14.5
19.4
<BL

17.2

28.4

22.2
27.1

55.2

56.0

Phospholipids
(expressed as
percentage of

total lipids)

17.3
11.5
16.6
21.3
33.5

17.1
28.7

69.4

68.8

30.1
56.1

42.4

23.3

Table 1. Lipids of antarctic invertebrate zooplankton and micronekton from the Croker Passage

Sample

Amphipoda
Cyphocaris richardi	 20.5
Eurythenes gryllus	 55.2
Eusirus (perdentatus?)	 21.5
Parandania boecki	 19.4
Parathemisto gaudichaudi	 18.5

Copepoda
Calanoides acutus	 45.0
Metridia gerlachei	 21.4
Rhincalanus gigas	 8.1

Polychaeta
Tomopteris carpenteri	 8.4

Chaetognatha
Sagitta gazellae	 17.4

Coelenterata
Atolla wyvillei	 1.1
Diphyes antarctica	 0.5

Tunicata
Salpa thompsoni	 24.3

Mysidaceae
Antarctomysis ohlinii	 16.8

Euphausiacea
Euphausia superba H82	 6.4
Euphausia superba H83	 25.6
Euphausia superba 4.0-4.6 centimeters	28.4
Euphausia superba 34-3.6 centimeters	23.8
Thysanoessa macrura	 59.7

Other
Mixed plankton	 41.7

Less than blank.
b Not detected.

predominance of even chain-length alkanes (table 2). Hydrocar-
bons isolated from the vast majority of marine organisms are
primarily odd chain-length alkanes. In an earlier study (P.M.
Williams unpublished data), even carbon-chain hydrocarbons
predominated in the lipids of Euphausia crystallorophias,
Pleuragramma antarcticum, and Dissostychus mawsoni from
McMurdo Sound. In the present study, all five euphausiid sam-
ples had OlE values less than one. The mysid Antarctomysis
ohlinii, both coelenterate species, the chaetognath Sagitta
gazellae, the polychaete Tomopteris carpenteri, two of the three
copepod species, and four of the five amphipod species studied
also had an even carbon-chain alkane predominance.

Lipid composition was used to identify food web interac-
tions. Total lipid content, total hydrocarbon levels, and pristane
content provided the best information. For example, all samples
from depths greater than 900 meters had high lipid levels,
except Parandania boecki (19.4 percent), suggesting that this am-
phipod occupied an ecological niche different from other deep-
dwelling species. Concurrent gut content analyses showed that
P. boecki fed on coelenterates (Atolla and Periphylla) which were
very low in lipids, possibly accounting for the low lipid content
of this amphipod. High total hydrocarbon concentrations sug-

	

0.8	 47.2	 40.9	 11.1

	

<0.1	 7.4	 63.7	 28.9

	

<0.1	 3.4	 60.8	 35.8

	

<0.1	 20.5	 53.1	 26.4

	

0.7	 50.1	 11.7	 37.5

	

0.1	 60.2	 23.0	 16.7

gested a predator-prey relationship between Thysanoessa mac-
rura and Calanoides acutus. High pristane contents in both spe-
cies allowed prediction of predator-prey relationships for T.
macruralC. acutus and for Eurythenes gryllus/Atolla wyvillei.
These feeding relationships were confirmed by gut content
analyses.

This work was supported by National Science Foundation
grant DPP 80-23961.
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Total lipid	Hydrocarbons	Wax esters
(expressed as	(expressed as	(expressed as
percentage of	percentage of	percentage of

dry weight)	total lipids)
	

total lipids)

	

<0.1	 11.4

	

0.3	 19.4

	

0.3	 22.2

	

0.1	 32.8

	

<BLa	 8.9

	

4.0
	

64.4

	

<BL
	

51.9

	

<BL	 <BL

	

0.4
	

13.0

	

0.2
	

2.6

	

0.2
	

47.5

	

<1.0
	

15.8

	

<0.1
	

2.4

	

0.4
	

20.3
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Sample

Table 2. Hydrocarbons of antarctic mesopelagic Invertebrates

Branched	Saturated	Monounsaturated Saturated-to-hydrocarbons	hydrocarbons	hydrocarbons	 Odd-to-evenunsaturated(expressed as	(expressed as	(expressed as	 ratio ofratio ofa percentage of	a percentage of	a percentage of	 hydrocarbonshydrocarbonstotal hydrocarbons)	total hydrocarbons)	total hydrocarbons)

Amphipoda
Cyphocaris richardi	 65.2
Eurythenes gryllus	 67.9
Eusirus (perdentatus?)	 4.2
Parandania boecki	 69.1
Parathemisto gaudichaudi	 _a

Copepoda
Calanoides acutus	 73.2
Metridia gerlachei	 -
Rhincalanus gigas	 -

Polychaeta
Tomopteris carpenteri	 1.7

Chaetognatha
Sagitta gazellae	 3.5

Coelenterata
Atolla wyvillei	 50.4
Diphyes antarctica	 0.0

Tunicata
Salpa thompsoni	 8.8

Mysidaceae
Antarctomysis ohlinii	 29.1

Euphausiacea
Euphausia superba H82	 <0.1
Euphausia superba H83	 60.1
Euphausia superba 4.0-4.6 centimeters	2.0
Euphausia superba 3.4-3.6 centimeters	0.0
Thysanoessa macrura	 61.8

a Not detected.
I No unsaturated hydrocarbons detected (division by zero).

Morris, M.J., and T.L. Hopkins. 1983. Biochemical composition of crust-
acean zooplankton from the Eastern Gulf of Mexico. Journal of Experi-
mental Marine Biology and Ecology, 69, 1-19.
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Sargeant, J. 	and RE Lee. 1975. Biosynthesis of lipids in zooplankton
from Saanich Inlet, British Columbia, Canada. Marine Biology, 31,
15-23.

Acoustic assessment of the
distribution and abundance of

micronekton and nekton in the Scotia
Sea, March 1984

M. C. MACAULAY, K. L. DALY,
and

0. A. MATHISEN

College of Ocean and Fisheries Science
University of Washington

Seattle, Washington 98105

1984 REVIEW

We used hydroacoustic methods to survey and assess the
abundance and distribution of micronekton and nekton in the
Scotia Sea. We made real-time observations to detect regions
of biological interest and to coordinate net catches (Brinton,
Antarctic Journal, this issue; Wormuth et al., Antarctic Journal,
this issue). We used three frequencies to provide the basis for
discriminating between sizes and identities of many target or-
ganisms. The analyzed acoustic data will be used to provide net-
independent estimates of abundance and to estimate net avoid-
ance, particularly by larger krill. These observations will be
used to relate the abundance and distribution of target organ-
isms to the physical, chemical, and biological observations of
the other projects aboard RJv Melville.

We made acoustic observations in open water aboard the R/V
Melville, both underway and at fixed stations. Sampling aboard
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Figure 1. Echogram from downward-directed 50 kilohertz frequency showing net position and two patches (A and B) observed approaching
MOCNESS net.
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Figure 2. Echogram from downward-directed 200 kilohertz frequency showing net position and two patches (A and B) observed approaching
MOCNESS net.

the Melville began on 4 March 1984 near South Georgia Island
54031.5'S 35036. 1'W and continued until 25 March 1984 near
Elephant Island.

We used three downward-looking frequencies (50 kilohertz,
120 kilohertz, and 200 kilohertz) and one sideward-looking
frequency (105 kilohertz) aboard the Melville. The transducers
were mounted in a 4-foot V-fin (Endeco) depressor and towed
behind the ship. Echos from the face of the transducer to a
depth or range of 400-700 meters were stored as envelope-
detected voltage in frequency-modulated form on an instru-
ment recorder. Some information (e.g., bottom depth) is avail-

able on these signals to a maximum depth of 1,000 meters (50
kilohertz). We recorded data from each frequency on separate
channels, and in addition, we recorded a bottom detection
signal, synchronizing (transmit) signal and time of day (in hour-
minute-second plus day number) on the tape.

For our detailed analysis of the acoustic data, we are using the
methods recommended in BIOMASS Handbook 7 (SCAR 1981)
and Johannesson and Mitson (1983). Echo-integration analysis
will produce estimates of biomass (where acoustic targets can be
identified) or mean-volume-backscattering-strength (where un-
certain or unknown targets are present). The estimates will be
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by 1-meter depth strata down to 400 meters or bottom, which-
ever occurs first.

Acoustic observations made in open water indicated very few
occurrences of krill in patches (as compared to our observations
in 1981). Other investigators on the Melville confirmed the
acoustic observations; their net catches did not contain large
concentrations of krill. This is not to imply that patches were not
observed but that their size and frequency was much less than
that enumerated from a similar cruise in 1981 (Macaulay 1981).
South Georgia Island and South Orkney Island had some
patches of krill with the most numerous observations occurring
near Elephant Island and north of King George Island; the
quantities in these areas were similar to the post-superswarm
quantities of 1981. In contrast to conditions we observed in
1981, patches of krill were most sparse in Bransfield Strait. We
spoke with Chilean scientists working in Bransfield Strait and
they indicated that they, too, believed krill were less abundant
than in previous years. The British Antarctic Survey team work-
ing around South Georgia indicated that only 1/3Q of the biomass
of krill was present this year. A very rough estimate of biomass
from the data collected by this project would be that 1983 bio-
mass is 25-40 percent of that observed in the same area in 1981.
We also observed very few trawlers harvesting the krill this year
in the area surveyed in contrast to the many we saw in 1981.

The concentration of saips was large this year. Preliminary
analysis of the acoustic data collected aboard Melville indicates
that the 200 kilohertz system was very effective in detecting the
presence of saips down to 400 meters. Saips were less visible on
the 120 kilohertz system and not visible on the 50 kilohertz
system, indicating a strong frequency dependency of scattering
from these targets. This pattern was distinct from that associ-
ated with krill. Saips were detected acoustically across the Scotia
Sea from South Georgia to the end of the survey. From South
Georgia to the South Orkney Islands, they were observed to be
a nearly continuous scattering layer varying in thickness be-
tween 45-60 meters to as deep as 100 meters. This was similar,
though deeper, than the saip layer observed in the same area in
December 1983.

The experimental redeployment of the 105 kilohertz system
as a forward-looking acoustic system on the MOCNESS net gave
very promising indications of being able to determine if a net:
(1) is sampling a given population, (2) has more than one type of
target presented to it, and (3) is experiencing avoidance. Future
experiments are planned to use an additional system to observe
the passage of zooplankton and micronekton into the net as
well as approaching it. Three echograms are included (figures
1-3) which show the approach of targets to the net as observed
from the downward-pointing systems on the towed fin (figure
1, 50 kilohertz; figure 2, 200 kilohertz) and the corresponding
traces made with the forward-pointing system on the net (fig-
ure 3, 105 kilohertz). One patch of krill is observed approaching

105 k8	 22 080QI 1984

PDR

Figure 3. Echogram from forward-directed 105 kilohertz transducer
mounted on the MOCNESS net. Two patches (A and B) are seen
approaching net, top of echogram is position of net bottom of echo-
gram is more than 100 meters from net. Time marks are vertical lines
and the patches are seen as streaks which get nearer with time.
(Time progresses to the right.)

and passing above the net (A on figures 1-3) and another (B on
figures 1-3) is observed to come close to, if not into, the mouth
of the net. Further analysis of these data will be performed in
conjunction with the telemetry data from the MOCNESS.

M. Macaulay, K. Daly, and H. Mathisen participated aboard
the iIv Melville. This work was supported by National Science
Foundation grant DPP 82-18997 with contributions of equipment
and resources from the Northwest and Alaska Fisheries Center
and National Oceanic and Atmospheric Administration.
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Lipid composition of antarctic
midwater fish

S. B. REINHARDT and E. S. VAN VLEET

University of South Florida
Department of Marine Science
St. Petersburg, Florida 33701

Total-lipid and lipid-class composition were determined by
gas-liquid chromatography and combined gas chromatogra-
phy/mass spectrometry for the major mesopelagic vertebrate

Table 1. Lipids of antarctic fish from Croker Passage

Sample	 T" HCb WE- TG 	PL"

Bathylagus antarcticus H82 V t 13.1 <BL	7.3 59.3 33.4
F	51.1	<BL	5.1 60.7 34.2
1 23.2 _h - -

Electrona antarctica H82	51.1	3.9 45.4	8.2 42.5
Electrona antarctica H83	61.3	0.1 60.0 25.5 14.4
Electrona antarctica H83'	Vi	63.3	0.1 41.1 48.3 10.5

F	46.6	0.1	61.8 18.3 19.8
L	65.8	0.2 57.2 19.7 22.9
1 56.6 - - - -

Electrona antarctica H83	V	-	-	43.9 43.8 -
F	66.1 <0.1 34.7 27.4 37.9
T 73.2 - - - -

Electrona carisbergi H82	37.4 <0.1	6.7 75.3 17.9

Gymnoscopelus nicholsi	V	41.3 <0.1	3.8 78.9 17.3
F	62.7	0.2 19.6 74.8	5.4
L	84.7	0.3 45.6 52.4	1.7
S	69.9	0.1	0.9 50.5 48.5
T 72.8 <0.1 - - -

Pleuragramma antarcticum	V i 73.4 <0.1	2.4 77.7	1.9
F	45.6 <0.1 48.1 44.7	7.2
L	42.9 <0.1 23.2 67.8	9.0
T 47.7 - - - -

P antarcticum larvae	 11.8	41.0	4.2 22.1 32.7

Protomyctophum bolini H82	26.1	29.7	5.4 63.4	1.5

Protomyctophum bolini H82 i V i 33.4 <0.1	4.7 62.5 32.8
F	26.5 <0.1	7.7 82.3 10.0
L 26.9 <BL <BL <BL -
T 29.2 - - - -

" "T" denotes total lipid (percentage of dry weight).
b "HC" denotes hydrocarbons (percentage of T).
"WE" denotes wax esters (percentage of T,).
d "TG" denotes triglycerides (percentage of I).

"PL" denotes phospholipids (percentage of T).
"V' denotes viscera; "F" denotes flesh; "L" denotes lipid sacs; "T" de-
notes total fish; "5" denotes skeleton.
"BL" denotes blank.

""-" denotes samples not analyzed.
Includes gut contents.
Duplicate entries denote separate fish analyzed.

biomass species in the Croker Passage off the Antarctic Penin-
sula. Samples were collected by T. L. Hopkins and B. H. Robison
in February 1982 and during March and April of 1983 using a
discrete depth Tucker trawl. Samples collected in 1982 were
labelled "H82," all other samples were collected in 1983. The
major biomass species were Pleuragramma antarcticum and Elec-
trona antarctica. Selected fish were dissected to produce: a vis-
cera fraction; a flesh fraction, including the skeleton; and the
lipid-sac fraction, when present.

Total extractable lipid content, expressed as percentage of dry
weight, ranged from 11.8 percent in Pleuragrainma antarcticum
larvae to 73.2 percent in Elect rona antarctica (table 1). Whole fish,
with a mean lipid level of 40.3 ± 19.7 percent, contained larger
amounts of lipid than did the zooplankton species analyzed
(23.0 ± 15.8 percent). Midwater myctophid fish showed no
obvious difference in lipid content with latitudinal distribution.
Cold-temperate species contained 26-56 percent lipid (Ne-
venzel et al. 1969; Childress and Nygaard 1973). Lipid values of
Protomyctophum bolini (26.1 percent) and Elect rona antarctica (51.1
percent and 61.3 percent) analyzed in this study fell within this
range. Bathylagus milleri, a temperate species congeneric to B.
antarcticus, contained 28.5 percent lipid (Childress and Nygaard
1973), compared to 23.2 percent found in the antarctic species.

Hydrocarbons generally constituted less than 1 percent of the
total lipids in the fish studied, although Elect rona antarctica H82
(at 3.9 percent), Protomyctophum bolini H82 (at 29.7 percent), and
Pleuragramma antarcticum larvae H82 (at 41.0 percent) contained
unusually high levels. No polycyclic aromatic hydrocarbons
were detected. The ratio of odd carbon chain-length alkanes (0)
to even chain-length (E) abundances was calculated. Eighty
percent of the fish studied had o/E values less than one, indicat-
ing a predominance of even chain-length alkanes (table 2). Only
E. antarctica H82 contained hydrocarbons with an 0/E value
greater than one.

Analysis of total lipid distribution in three different body
fractions revealed lipid partitioning in mesopelagic fish. All five
species of fish examined stored a higher percentage of their
body lipid in flesh than in viscera (table 3, column A). This is in
contrast to some temperate cartilagenous fish which store the
majority of their body lipids in their livers (Van Vleet et al., in
press). Subcutaneous lipid sacs in Elect rona antarctica and Gym-

Table 2. Hydrocarbons of antarctic mesopelagic fish

Sample-Vertebrata	Br" C:0 C:1 c C:2d 5/IJ O:E

Electrona antarctica H82	16.0 26.4 2.5	0.1	7.0 1.1
Electrona antarctica H83	65.0	0.7 0.0	1.2	0.6 0.4
Electrona carisbergi H82	52.4	0.8 0.0	0.0 _h 0.4
Pleuragramma antarcticum	1.3 31.0 7.3 <0.1	4.3 0.9

larvae
Protomyctophum bolini H82	1.0 35.7 08	0.0 47.3 0.9

"Br" denotes branched hydrocarbons (percentage of total
hydrocarbons).

b C:O denotes saturated hydrocarbons (percentage of total
hydrocarbons).
"C:1" denotes monounsaturated hydrocarbons (percentage of total
hydrocarbons).

d "C:2" denotes phytadienes (percentage of total hydrocarbons).
"S/U" denotes saturated/unsaturated hydrocarbons.
"O/E" denotes odd/even hydrocarbons.

denotes no unsaturated hydrocarbons detected.
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noscopelus nichcolsi stored the highest proportion of total body
lipid in these fish, whereas Pleura gramma antarcticum and Pro-
tomyctophum bolini contained more lipid intramuscularly than
subcutaneously. E. antarctica, P. antarcticum, and P. bolini had
higher percent lipid in their viscera (table 3, column B), but
more total lipid in their flesh. Internal organs of P. antarcticum
were coated with lipid deposits not noticeable in E. antarctica or
P. bolini (Robison personal communication). Flesh lipid content

Table 3. Lipid partitioning in antarctic mesopelagic fish

Sample	 A	B'

Bathylagus antarcticus	 VC	 41.6	13.1
F	58.4	51.1

Electrona antarctica	 V	14.7	63.3
F	38.0	46.6
L	47.3	65.8

Gymnoscopelus nicholsi	V	3.7	41.4
F	26.7	62.7
L	55.4	84.7
S	14.1	69.9

Pleuragramma antarcticum	V	15.2	73.4
F	62.9	45.6
L	21.9	42.9

Protomyctophum bolini	V	44.0	33.4
F	50.4	26.5
L	5.6	>26.9

a "A" denotes percentage of the total body lipid found in given tissue.
b "B" denotes lipids as a percentage of dry weight of given tissue.

"V" denotes viscera; "F" denotes flesh; "L" denotes lipid sacs; "S 11

 skeleton.

of Bathylagus antarcticus and Gymnoscopelus nicholsi exceeded
visceral lipid content per gram of tissue.

In Pleuragramma antarcticum, visceral lipid stores were tn-
acylglycerols, intramuscular stores were wax esters, and sub-
cutaneous lipid sac deposits were a mixture of the two lipid
constituents (table 3). Since wax esters are less dense than
triacyiglycerols (density of 0.86 versus 0.93 at 00 C), wax esters
may be stored intramuscularly to offset the high density of the
muscle tissue. Wax esters were also stored in the large sub-
cutaneous lipid sacs in E. antarctica, possibly for increased
buoyancy.

Our data gave little support to the hypothesis that low tem-
peratures lead to an increase in muscle lipid content, as evi-
denced by a noticeable increase in muscle phospholipid
content. Only two of the five species analyzed for flesh lipid
content, Bathylagus antarcticus and Electrona antarctica, had
phospholipid levels over 30 percent, whereas total flesh lipid
was very high (ranging from 27-66 percent of the dry weight
extracted). This suggests that higher lipid contents result from
intramuscular fat accumulation in mesopelagic fish rather than
an increase in phospholipid membrane tissue.

This work was supported by National Science Foundation
grant DPP 80-23961.
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Metabolism of two antarctic
mesopelagic fish species

J. J. T0RREs,
B. L. WEIGLE, and
T. M. LANCRAFT

Department of Marine Science
University of South Florida

St. Petersburg, Florida 33701

Studies on the metabolism of mesopelagic micronekton have
demonstrated a marked decline in species' metabolic rates with
increasing depth of occurrence (Childress 1971-a, 1975; Smith
and Hessler 1974; Childress and Somero 1979; Gordon, Belman,
and Chow 1976; Torres, Belman, and Childress 1979; Smith and
Layer 1981). However, all previous investigations on the metab-
olism of deep-living (200-2,000 meters) micronekton have con-

cerned species living in the waters of the California Borderland,
a system with a thermally stratified water column where dif-
ferences in temperature between 0 and 1,000 meters are as great
as 13°C. Because of this fact, it has been impossible to separate
the effects of temperature from the effect of species depth of
occurrence on the observed decline in metabolic rates. The
southern ocean provides a natural experimental system because
it has a small temperature change (2-3°C depending on location
and season) between the surface and 1,000 meters, allowing us
to sort out the influence of temperature on the decline of respi-
ration rate with depth. As part of the AMERIEZ expedition (Ant-
arctic Marine Ecosystem Research at the Ice-Edge Zone) to the
Scotia Sea in November-December 1983, we determined the
metabolic rates of over 20 species of mesopelagic micronekton,
including most of the dominant fishes and crustaceans living
between 0 and 1,000 meters. In this paper, we present data on
the metabolic rates of two dominant antarctic fish species, com-
pare them with similar species found off California and briefly
discuss some of the implications of the data.

All specimens were collected using a 9-square-meter-mouth
area, mouth-closing Tucker trawl equipped with a thermal-
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turbulence protecting cod end (Childress et al. 1978). Upon
reaching the surface the contents of the cod end were imme-
diately trasferred to a large volume of seawater at 0°C. The
liveliest specimens were quickly removed and placed in poly-
ethylene cylindrical tanks with fresh seawater at approximately
0°C where they were kept for 1 to 2 hours before use.

Oxygen consumption rates were determined by allowing in-
dividuals to deplete the oxygen in a sealed, water-jacketed
chamber filled with seawater. Temperature was maintained at
0.5°C (± 0.1°C) using a refrigerated water bath. Oxygen partial
pressure (P0 2) was continuously monitored using a Clark po-
larographic oxygen electrode (Clark 1956) as the animal re-
duced the oxygen levels to low (0-40 millimeters of mercury)
partial pressure (Childress 1971-b). The fish treated in this study
had generally suffered considerable trauma by capture and
confinement, so the rates should be regarded as estimates of
metabolism. Despite the condition of these animals, agreement
among individuals was excellent (table 1).

Cyclothone microdon, a Gonostomatid fish living below 500
meters, exhibits an oxygen consumption rate approximately
one third of that of Elect rona antarctica, a Myctophid fish with a
minimum depth of occurrence of 50 meters (table 1; minimum
depth of occurrence is the depth below which 90 percent of the
population lives). This trend is almost identical to the decline in
respiration seen in mesopelagic fishes in the California Bor-
derland (Torres et al. 1979); it supports the hypothesis that
reduced metabolic rates are an adapted characteristic of deeper-
living pelagic species, even those living in a virtually isothermal
sea. Further, if the oxygen consumption rates of Scotia Sea
species are compared directly with similar species from Califor-
nia waters (table 2), it can be observed that the absolute rates are
very similar, despite the fact that the respiration rates of Califor-
nia species were determined at a temperature 4.5°C higher (5°C)
than that of Scotia Sea fishes. Thus, it appears that Scotia Sea
mesopelagic fishes exhibit the cold adaptation seen in shallower
dwelling benthic Nototheniid fishes (Wohlschlag 1964).

Recent work by Reinhardt and Van Vleet (in preparation) on
the lipid composition of antarctic midwater fauna suggest that
Elect rona antarctica has a very high concentration of wax esters
and triglycerides, compounds normally used in energy storage.
If we compare our respiration measurements with the data in
Reinhardt and Van Vleet (in preparation), we calculate that
Electrona antarctica could live for 335 days on its stored wax
esters and triglycerides, more than enough to survive the
winter. The question now remains whether the animal uses its

Table 1. Oxygen consumption rates and depth of occurrence of
two mesopelagic fish species in the Scotia Sea

Oxygen
consumption

rate (in

	

Minimum	microliters

	

depth of	per milligram

	

Genus and occurrence	wet weight
Family	 species	(in meters)	per hour)	Number

Myctophidae	Electrona
antarctica	50	0.045 ± .0088	28

Gonostomatidae Cyclothone
microdon	500	0.016 ± .001	3

a Oxygen consumption rates are expressed as mean ± standard
deviation.

Table 2. Comparison of oxygen consumption rates for species
living in the Scotia Sea and California Borderland

Scotia Sea Species	 California Species

Electrona antarctica	 Lampanyctus ritteri
0.045 ± .0088	0.041 ± .004b
Cyclothone microdon	California species same MDOc
0.016 ± .001	 0.013 d

a Rates are expressed in microliters of oxygen per milligram wet weight
per hour, mean ± standard deviation.

b From Torres et al. 1979.
"MDO" denotes minimum depth of occurrence.

d The rate was obtained from the curve of oxygen consumption vs. depth
of occurrence in Torres et al. 1979.

stores for that purpose. Cooperative research with Van Vleet on
the specimens obtained on the AMERIEZ cruise will provide
insight into this and other important questions on the natural
history of antarctic midwater fauna.

The authors would like to thank Bob Wilson, Captain Haines,
and the excellent crew of the iIv Melville for their considerable
support during this study. Jeanne Stepien was our fourth hon-
orary team member; she gave up valuable sleep time to help
with the deployment and recovery of every trawl. This work
was supported by National Science Foundation grant DPP

82-10437 to J.J. Torres.

References

Childress, J.J. 1971-a. Respiratory rate and depth of occurrence of mid-
water animals. Limnology and Oceanography, 16, 104-106.

Childress, J. J. 1971-b. Respiratory adaptations to the oxygen minimum
layer in the bathypelagic mysid Gnathophausia ingens. Biological Bul-
letin, 141, 109-121.

Childress, J. J. 1975. The respiratory rates of midwater crustaceans as a
function of depth of occurrence and relation to the oxygen minimum
layer off Southern California. Comparative Biochemistry and Physiology,
50A, 787-799.

Childress, J. J., A. T. Barnes, L. B. Quetin, and B. H. Robison. 1978. Ther-
mally protecting cod ends for the recovery of living deep sea animals.
Deep-Sea Research, 25, 419-422.

Childress, J. J. , and G.N. Somero. 1979. Depth-related changes in mus-
cle, brain and heart of deep-living pelagic marine teleosts. Marine
Biology, 52, 273-283.

Clark, L.C. 1956. Monitor and control of blood and tissue oxygen
tensions. Transactions of the American Society of Artificial Internal Organs,
2,41-48.

Gordon, MS., B.W. Belman, and P.H. Chow. 1976. Comparative stud-
ies on the metabolism of shallow water and deep-sea marine fishes.
IV. Patterns of aerobic metabolism in the mesopelagic deep-sea fang
tooth fish Anoplogaster cornuta. Marine Biology, 35, 287-293.

Reinhardt, S.B., and E.S. Van Vleet. In preparation. Total lipids and
lipid constituents of Antarctic midwater fauna.

Smith, K.L., and R.R. Hessler. 1974. Respiration of benthopelagic fish-
es: in situ measurements at 1,230 meters. Science, 184, 72-73.

Smith, K.L., Jr., and M.B. Layer. 1981. Respiration of the bathypelagic
fish Cyclothone acclinidens. Marine Biology, 61, 261-266.

Torres, J. J. , B. W. Belman, andJ.J. Childress. 1979. Oxygen consumption
rates of midwater fishes as a function of depth of occurrence. Deep-Sea
Research, 26, 185-197.

Wohlschlag, D.E. 1964. Respiratory metabolism and ecological charac-
teristics of some fishes in McMurdo Sound Antarctica. In M.O. Lee
(Ed.), Biology of the antarctic seas. Vol. 1. Washington, D.C.: American
Geophysical Union.

146	 ANTARCTIC JOURNAL



Fish species Experimental
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Maximum time
maintained

(days)

Growth and feeding ecology studies
on coastal antarctic fishes

T. E. TARGETT*

Skidaway institute of Oceanography
Savannah, Georgia 31416

R. L. RADTKE

Hawaii Institute of Marine Biology
Kaneohe, Hawaii 96744

Knowledge of growth rates and patterns of growth in ant-
arctic fishes is necessary to develop our understanding of the
biology and ecology of fishes in the antarctic marine ecosystem,
and the functional relationship of fishes to other components of
the ecosystem. Research on growth in antarctic fishes has been
limited. Much of the previous work on aging these fish has
relied on analyses of scale annuli which are often difficult to
interpret (e.g., Everson 1970; Crisp and Carrick 1975; Shcher-
bich 1975; Shust and Pinskaya 1978; Hureau and Ozouf-Costaz
1980). Otoliths (calcium carbonate concretions in the inner ear

*present address: University of Delaware, College of Marine Studies Lewes,
Delaware 19958

of fishes) have been used less frequently since they are often
small and difficult to analyze and interpret using conventional
methods (Hureau 1964; Freytag 1980; Daniels 1983).

Microstructural growth rings present in antarctic fish otoliths
(Townsend 1980) resemble daily growth increments present in
the otoliths of temperate and tropical fishes. We are using
recently developed techniques to examine otoliths and enumer-
ate microstructural increments with scanning electron micro-
scopy to determine very precisely age and growth rates for
dominant antarctic fishes (Radtke and Targett in press). We are
also investigating the effects of biotic and abiotic factors on
growth processes and otolith microstructure.

During February and March, 1984 we worked at Palmer Sta-
tion and aboard iIv Hero collecting fishes and conducting labo-
ratory experiments to validate the presumed daily periodicity of
microstructural growth rings, and investigate the effects of light
duration and intensity on ring formation. Trawling was con-
ducted around Low Island in the South Shetland Islands in
February, and in Dallmann Bay north of Anvers Island during
February and March. Eight species were captured in sufficient
numbers of laboratory experiments: Notothenia coriiceps neglecta,
N. gibberifrons, N. larseni, N. nudifrons and Trematomus newnesi
(Nototheniidae—antarctic cods); Chaenocephalus aceratus (Chan-
nichthyidae—icefishes); Harpagifer bispinis (Harpagiferidae-
plunder fishes) and Parachaenichthys charcoti (Bathydrac-
onidae—dragonfishes).

Growth experiments. In the laboratory, fishes were injected
intramuscularly with either tetracycline hydrochloride or
acetozolamide at a dosage of 20 milligrams per kilogram. Both
chemicals produce a permanent mark in otoliths at the time of

Summary of experiments conducted to validate the daily periodicity of microstructurai growth increment formation in the otoiiths of
Antarctic fishes

Nototheniidae
Notothenia larseni	 Natural light

	
T
	

14
	 6

N. nudifrons	 Natural light
	

T
	

47
	

35
Total darkness	 A

	
17
	

32
18D:6L @ 5 lux	 A

	
17
	

32
6D:6L:6D:6L
	

A
	

13
	

32
N. gibberifrons	 Natural light

	
I
	

59
	

32
Total darkness	 A

	
6
	

32
18D:6L @ 5 lux	 A

	
3
	

16
6D:6L:6D:6L
	

A
	

28
	

32
N. corllceps neglecta	 Natural light

	
A&T
	

15
	

30
Artificial light cycle	 A&T

	
7
	

40
Trematomus newnesi	 Natural light	 A&T

	
21
	

32
Channichthyidae

Chaenocephalus aceratus	 Natural light
	

Ii
	

16
	

33
Harpagiferidae

Harpagifer bispinis	 Natural light	 T
	

20
	

13
Total darkness	 A

	
20
	

32
18D:6L @ 5 lux	 A

	
18
	

32
6D:6L:6D:6L
	

A
	

16
	

32
Bathydraconidae

Parachaenichthys charcoti	 Natural light
	

I
	

33

a "Natural light" denotes an approximately 18 hour Iight:6 hour dark cycle. 18 D:6L @5 lux" denotes an 18 hour dark:6 hour light cycle at  lux light intensity.
"6D:6L:6D:6L" denotes an alternating 6 hour dark:6 hour light cycle. "Artificial light cycle" denotes an irregular illumination regime.

b "T" denotes tetracycline hydrochloride and "A" denotes acetozolamide, injected at dosages of 20 milligrams per kilogram of body weight.
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injection, providing a reference point from which to count
growth increments deposited during subsequent experiments.
Fishes were then maintained under various light/dark regimes:
(1) natural light cycle (approximately 18 hours of light to  hours
of dark), (2) total darkness, (3)18 hours of dark to 6 hours of light
cycle at 5 lux light intensity, or (4) a 6 hours of light to 6 hours of
dark: 6 hours of light to 6 hours of dark cycle (table). During the
course of the experiments, fish were sacrificed and the otoliths
removed and stored in glycerol. Scanning electron microscope
and light microscope analyses are now underway and initial
results indicate that microstructural growth increments in the
otoliths of antarctic fishes form once per day. Trematomus newnesi
(figure 1), for example, maintained under natural light condi-

0	 5cm

Figure 1. Trematomus newnesi a plankton feeding species which
reaches approximately 24 centimeters (cm) total length.

lions for 32 days had between 30 and 35 increments subsequent
to the tetracycline mark (figure 2). Using otolith microincrement
counts from N. larseni we have determined that this species
grows more slowly than has been previously indicated by other
workers using conventional techniques on scales (Radtke and
Targett in press).

During this research, otoliths from 800 fishes were removed
from the above eight species as well as from Pleuragramma
antarcticum, N. rossii, T. hansoni, Champsocephalus gunnari,
Chionodraco hamatus, Pseudochaenichthys georgian us, Prionodraco
evansii, and Artedidraco skottsbergi. These otolith samples are
being examined, with those from a collection of 900 otoliths
obtained in 1975 and 1976 around South Georgia, the South
Sandwich, and South Orkney Islands. We are concentrating
these efforts on developing growth models for T. newnesi, C.
aceratus, N. gibberifrons and N. nudifrons.

Feeding experiments. Experiments were conducted to investi-
gate processes of digestion and absorption of prey leading to
growth in antarctic fishes. Five N. gibberifrons (a benthos feeder)
and five T. newnesi (a plankton feeder) (Targett 1981) were main-
tained in separate aquaria and fed 2 percent rations of live krill
(Euphausia superba) every 48 hours for 8-10 days. Fecal material
was collected and samples of krill and fecal material were dried
at 60°C. Caloric, biochemical, and carbon-hydrogen-nitrogen
analyses are presently underway to determine digestion and
absorption efficiencies for these two species preying on krill.
Samples of gastric mucosa and anterior intestine were dissected
from experimental fish as well as from fish which had not
preyed on krill. These samples were frozen for later assays of
chitinase activity.

Six N. coriiceps neglecta, an omnivorous benthic feeder, were
fed species of macroalgae collected subtidally at Palmer Station.
Algae removed from fecal material were dried with samples of
fresh algae at 60°C. Caloric, biochemical, and carbon-hydrogen-
nitrogen analyses will determine efficiencies of macroalgal di-
gestion by this fish species. Gastric and intestinal pH were

716?w,

Figure 2. Light micrograph of microstructural growth Increments at
the margin of an otolith from a 18.5 centimeters total length Trem-
atomus newnesi. The bottom panel was visualized with ultraviolet
light and Illustrates the fluorescent band deposited at the time of
tetracycline Injection. During maintenance under a natural light
cycle, the fish produced 30-35 growth increments during 32 days,
providing evidence of daily increment formation. Acetozolamide
Injections cause a physical disruption band In otoliths and these
samples are presently being analyzed with scanning electron micro-
scopy. ("p.m" denotes micrometers.)

generally 2.5-3.2 and 7.7-8.2, respectively. Gastric pH appears
to be sufficicent to lyse cell walls and make macroalgal material
available for assimilation and contribution to the nutrition of
this fish.

Other material collected. A small number of larval and juvenile
fishes were collected from waters adjacent to Palmer Station.
Otoliths will be examined for microstructural growth incre-
ments to provide information on larval and juvenile growth.

We thank the station personnel and other investigators at
Palmer Station and the captain and crew of RIv Hero for their
help and cooperation during our research. This research was
supported by National Science Foundation grant DPP 82-14492.
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Role of glycopeptide antifreeze in
freezing avoidance of antarctic fish

J. A. AHLGREN and A. L. DEVRIEs

University of Illinois
Urbana, Illinois 61801

Our 1983-1984 study began in early October with the arrival
of Jeffrey Ahigren, Jeffrey Turner, Joseph Schrag, and Steve
Munsell, all from the University of Illinois. We established
several fishing houses on the annual sea ice outside of
McMurdo Station and maintained them until mid-December.
Our fishing operation resulted in the capture of over 500 spec-
imens of Dissostichus mawsoni, which averaged 34 kilograms
(range was 9 to 74 kilograms). Most fish were weighed, meas-
ured, tagged, and released immediately after their capture. A
few smaller specimens were transported to the aquarium facili-
ty in McMurdo and used in experiments on the freezing avoid-
ance of antarctic fish. In addition to D. mawsoni, numerous
specimens of Trematomus bernacchii, T. hansoni, T. centronotus,
and Pagothenia borchgrevinki were caught and held until used in
the aquarium facilities in McMurdo.

This season we studied the distribution of antifreeze
glycopeptide (AFGP) in the body fluids of fish and how it relates
to freezing avoidance. The relevance of this question is that by
determining where antifreeze glycopeptides are present and
the manner in which they distribute, an assessment of how
antifreeze protects fish from freezing in ice-laden seawater may
become clear.

Several studies have shown that the antifreeze glycopeptides
are synthesized in the liver as are most serum proteins and are
secreted into the blood (O'Grady, Clarke, and DeVries 1982;
Hudson, DeVries, and Hashmeyer 1979); whether or not the
liver is the only site of synthesis has not been completely re-
solved. To determine the distribution of AFGP in antarctic fish, a
tritium labeled AFGP was injected systemically into Trematomus

bernacchii and after a 12-hour equilibration period (which is long
enough to reach relatively constant levels of plasma radioac-
tivity while minimizing the probability of radiolabel reutiliza-
tion) the major body fluids and tissues were analyzed for radi-
olabeled AFGP. The extracellular space marker (carbon-14)

polyethylene glycol (PEG) (which has a molecular weight of
5,000 daltons) was also injected to allow us to correct for labeled
AFGP trapped in the blood and interstitial fluid of the tissue. The
presence of antifreeze glycopeptides in the body fluids of Dis-

sostichus mawsoni was also determined and estimates of their
concentrations made by several methods, including high-per-
formance liquid chromatography (HPLC), polyacrylamide gel
electrophoresis (PAGE), and the determination of the freezing/
melting point difference of these fluids.

After its secretion into the blood, the AFGP spanning the
molecular weight range from 2,600 to 34,000 daltons appears to
be distributed to the rest of the body in the same manner as
other serum proteins. The level of radioactivity found in the
peritoneal, pericardial, and extradural fluids approached that
measured in the blood after 12 hours. This was as we predicted
because these fluids are most likely formed as filtrates of the
blood. Polyacrylamide gel electrophoresis and HPLC showed
that samples of the peritoneal, pericardial, and extradural fluids
from D. mawsoni contained all of the AFGP's found in the blood
and in the same relative proportions. These samples also
showed significant freezing/melting point differences, with
freezing points below the freezing point of seawater. However,
the presence of antifreeze in these fluids may not be indicative
of their susceptibility to freeze if they were absent, because it
appears that partitioning from the blood into these fluids is
nonspecific. First, they contain many proteins that are appar-
ently derived from the blood, as seen by sodium dodecyl sulfate
(SIDS) SDS-PAGE. Second, the extracellular space marker (car-
bon-14) PEG partitioned into these fluids at the same rate as the
AFGP's, which again suggests that the movement of large mole-
cules is through relatively large pores.

In contrast to the fluids which are formed as blood filtrates,
which contain all of the AFGP's, fluids formed by secretory
processes appear either to lack or to contain only very low levels
Of AFGP's. Both HPLC and PAGE indicate that the ocular fluids,
urine, and endolymph contain only very low levels of AFGP.
These fluids also have a very small freezing/melting point dif-
ference, and all have freezing points significantly warmer than
- 1.9°C. Twelve hours after the injection of [3H] AFGP into the
blood, the ocular fluids and urine had very low levels of radioac-
tivity, indicating that there is a barrier present which prevents
the influx of radioactive AFGP from the blood (endolymph was
not obtained from T. bernacchii). The fact that the freezing points
are warmer than the freezing point of seawater indicates that
these fluids are undercooled by 0.5 to 1.0°C when the fish are in
freezing seawater.
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When tissue hydrolysates were examined for the presence of
radioactive AFGP's, the results indicate that all tissues except
brain contain all of the AFGP's in the extracellular space. How-
ever, the results also showed that only small amounts of the low
molecular weight AFGP's were able to permeate into the intra-
cellular fluid. None of the higher molecular weight AFGP's en-
tered the cells. The intracellular concentration of AFGP was not
measured, so the freezing point of the intracellular fluid cannot
be ascertained. However, it appears that the intracellular fluid is
also undercooled when fish are in freezing seawater. Cell mem-
branes are apparently barriers to ice propagation at tem-
peratures as low as - 10°C (Mazur 1977); therefore it is likely
that the intracellular compartment of polar fish would not have
a requirement for antifreeze.

We conclude from these and previous studies that the role of
AFGP in the prevention of freezing is to provide a barrier to the
inward propagation of environmental ice into any undercooled
body fluid. These fluids include the aqueous and vitreous
humor, endolymph, and urine. In a separate series of experi-
ments, it was shown that the cornea as well as the corneal
epithelium are effective barriers to ice propagation. Therefore,

it appears that the undercooled ocular fluids cannot be seeded
by environmental ice (Turner, Schrag, and DeVries in prepara-
tion). It may be that the extracellular spaces of the integument of
antarctic fish contain high levels of GPAF and that their role is to
prevent ice from entering the undercooled fluids by stopping
propagation through the extracellular spaces of the skin.

This research was supported by National Science Foundation
grant DPP 81-16917.
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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. Bradycardia in Weddell seals has been measured in the
laboratory during forced head immersion (Zapol et al. 1979),
and while free diving beneath the 3-meter thick annual ice
using 80-meter break-off electrocardiogram leads (Kooyman
and Campbell 1972), which examined the first few minutes of
the seal's dives. To monitor the seals while free diving, Hill
designed and constructed a microprocessor-controlled monitor
which could be attached to freely diving seals to measure and
store frequent records of their average heart rate, seawater
depth, velocity, and core temperature.

We had to overcome a number of difficulties in designing a
microcomputer monitor of heart rate and depth for the Weddell
seal. First, the monitor had to be able to withstand high pres-
sure (50 atmospheres) and low temperatures. Second, the
monitor had to conserve power to extend the life of its batteries.
This was achieved by using low-power semiconductor tech-
nology which consumed only 10 milliamperes average. The
microprocessor-controlled monitor and 64 kilobytes of memory
were assembled onto three circuit boards each measuring 10
centimeters x 10 centimeters. The three boards were sand-
wiched and cast into a block of rigid epoxy. The computer was
powered by two epoxy-encapsulated lithium "C" cells which
provide 7.8 volts at 7 ampere-hours.

One of the experimental protocols that we followed was de-
veloped by Kooyman et al. 1980. An adult male seal was se-
lected at one of the colonies near McMurdo Station on Ross
Island, Antarctica and sledged to a previously surveyed field
site at which two holes, 20 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 laboratory, with a hole in its floor was placed over one of
these holes and the other entry and exit hole was blocked
during an experiment so that the seal would be obliged to
surface in the field laboratory between dives. The field laborato-
ry contained a Zenith Z90 minicomputer, to which heart rate,
velocity, and depth data were transmitted at 57.6 K baud (57,600
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Figure 1. Sample tracing of heart rate (Measured in beats per min-
ute), velocity (measured in meters per second), and depth (meas-
ured in meters) during free diving.

bits per second) via a fiber-optic lead which we connected for a
few seconds when the seal surfaced. Figure 1 provides a sample
tracing of heart rate, velocity, and depth during free diving.

The microcomputer monitor and battery pack were fastened
to the seal in an indirect manner. A neoprene sheet, through
which some stainless steel bolts had been previously mounted,
was glued to the dorsal fur of the seal using cyano-acrylate glue
(Loctite 422). This glue was fast setting and created a very strong
bond. 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 at-
tached to the seal. The seal was then returned to its capture site.
When the glue degraded sufficiently or the seal moulted, the
neoprene sheet fell off.

Depth, heart rate, velocity, and/or core temperature were
recorded on four male seals in 1983. Figure 2 provides a sample
of heart rate, core temperature, and depth during free diving.
With each submersion a bradycardia is evident and the core
temperature is maintained at a lower level during diving. We
also used the diving computer to initiate and control an aortic
blood sampling roller pump. We obtained hundreds of single

Time (hours)

Figure 2. Sample of heart rate (measured in beats per minute), core
temperature, and depth (measured in meters) during free diving.

arterial blood samples drawn during undersea free diving at
depths up to 350 meters. A serial sampler to obtain up to 8
sequential blood samples during a single dive was also de-
signed and successfully tested in metabolic studies of free
diving.

This research was supported by National Science Foundation
grant DPP 81-00212.
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This season's major objectives were to continue monitoring
trends in parameters of the Weddell seal population adjacent to
McMurdo Station and to broaden our knowledge of age specific
parameters and behavior, especially in regard to weaned pups
and other subadult seals.

Tagging and census of Erebus Bay pupping colonies con-
tinued as in previous years. Estimates of adult numbers and the
total count of pups produced were similar to those of the past 3
years (Testa etal. 1984). Preliminary Jolly-Seber mark-recapture
estimates for the various groups are: adult females with pups
369, nonparous females 356, and adult males 288. Thus, we
found relative stability of the adult population but at a decreased
level from those reported in the 1960's and early 1970's (Stirling
1971; Siniff et al. 1977).

Surveys were conducted in November to study age and sex
class distribution in the fast ice away from the colonies and
continued into January as the colonial seals dispersed. Disper-
sal of weaned pups was studied by tag resightings from snow
machines and by aerial surveys for radio-tagged pups.

Social interactions between seals of known age and sex were
studied from an under-ice observation chamber in an experi-
mental colony that was established and maintained during the
month of November (figure). The primary objectives were to
establish the effect of age in determining social hierarchies that
developed around isolated breathing holes in the fast ice and
determine the utility of the under-ice observation chamber in
future seal behavior studies. A seal-free fast ice location was
selected for the artificial colony; holes were drilled and selected
seals were moved by sled. Ice conditions led to only marginal
success in controlling the colony's composition, though the
utility of the chamber and the observations on underwater be-
havior have encouraged us to continue this line of investigation.

Preliminary study of maternal investment in pups of different
sexes was initiated with the aid of a sled-mounted platform scale
to measure rates of pup growth and decline in the weights of
maternal females during lactation. The technique was found to
be very effective and will be continued in the coming season.

A second pilot study on the behavior of killer whales in the
ice-breaker channel and the possible effect of the whales' pres-

ence on Weddell seals at the time of channel break-in was
conducted this year on the USCGC Polar Sea. No predation was
observed and anecdotal accounts of whales "followed" the ice
breaker were not substantiated, but it is apparent that the new
channel is quickly used by whales and a study of their predatory
impact is feasible.

This research was supported by National Science Foundation
grant DPP 80-20097.
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E.
Support personnel place the under-ice observation chamber in an
isolated area of McMurdo Sound for study of Weddell seal behavior.
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Observations of Weddell seals
(Leptonychotes weddelli) at

Nelson Island, Antarctica
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From 4 November to 11 December 1983, a team from the
Hubbs-Sea World Research Institute established a field camp on
Nelson Island (South Shetland Islands). The project focused on
the acquisition of fertile eggs of a number of species of antarctic
avifauna, but some data also were collected on Weddell seals
(Leptonychotes weddelli).

The field camp was established at Harmony Cove (62°19'S
59°12'W). Snow cover was more extensive than that encoun-
tered on previous visits and in most areas was 1.5 meters deep
and hard packed. Perhaps for this reason, the population of
Weddell seals was large; hundreds were observed between, the
Argentine refugio and Harmony Point alone. Observations
from a helicopter along the north coast of Nelson Island indi-
cated that approximately 1,000 Weddell seals occupied the is-
land during this period. We do not know if these numbers are
typical because the island has not been surveyed by air pre-
viously. Todd returned to Nelson Island in January; most of the
snow was gone and very few seals remained.

Apparently pupping occurred on the snow above the high
tide-line (figure 1). Weddell seals typically breed on fast ice, but
this cannot form at Nelson Island because of the heavy surf and
configuration of the beach. Thus, the Nelson Island colony may
represent a unique breeding situation for this species. At least
25 recently weaned pups were observed, most still with traces of
lanugo fur. On 23 November, a brown skua (Cat ha racta lonnbergi)

was observed picking at the remains of a newborn pup. Another
newborn pup was found dead on 9 December. On 14
November, eight large pups were seen on the beach at the
Chilean base of Edwardo Frei on King George Island. One of the

Figure 1. Pupping site of Weddell seals on Nelson Island. (Note the
rocky beach and packed snow above.)
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Figure 2. A recently awakened Weddell seal is surrounded by cape
pigeons as the water level rises around it.

personnel there told Todd that he had witnessed a Weddell seal
birth at that site.

Many seals had wounds which varied from minor to severe;
we suggest that many of these wounds, particularly those on
the foreflippers and belly, probably resulted from the seals
hauling over the large rocks to the snow-covered regions. At
low tide, the distance from the high-line to the water exceeded
several hundred meters. Weddell seals are not adapted to move
Over rocky terrain; bloody tracks through the snow were
conspicuous.

The open wounds and blood attracted the interest of some
birds. The extent of "harassment" that Weddell seals receive
from birds is not well documented. In McMurdo Sound, south
polar skuas (C. maccormicki) remain at the perimeter of a breed-
ing colony and consume afterbirths, feces, and pup carcasses.
Female Weddell seals protect very young pups from attacks by
skuas; however, there is little threat to adults.

At Nelson Island the opportunities for intra-specific interac-
tions is far greater. Southern giant petrels (Macronectes giganteus)

and sheathbills (Chionis alba) were observed picking at the open
wounds of seals. Sheathbills also were observed picking at the
wounds of a leopard seal (Hydruga leptonyx). Once a Weddell
seal entered an antarctic tern (Sterna vittata) colony and was
driven out by the diving terns. Brown skuas occasionally roost-

Figure 3. A totally albino Weddell seal pup was sighted twice at
Nelson Island.
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ed on the back of a dozing seal. Chinstrap penguins (Pygoscelis
antarctica) confronted seals and pecked at them. Todd also saw
50-60 sheathbills and two giant petrels converge around a seal
to feed on excreta.

At low tide some Weddell seals dozed on the rocky tidal flat.
When the incoming tide reached them, birds were attracted. On
24 November, for example, 30-40 cape pigeons (Daption capense)
settled on the rising water around a seal (figure 2). They were
feeding and quarrelsome and, at times, almost landed on the
seal. Two giant petrels scattered the cape pigeons, but within
minutes, more than 100 returned, and the seal went to sea. We
suggest that the birds have learned to feed nearby when incom-
ing water disturbs dozing seals. The resulting movement of the
seal could create turbulence in the water circulating food parti -
cles to the surface, thus facilitating feeding.

On 29 November just west of the refugio, a totally albino
Weddell seal pup was discovered (figure 3). It was a pup of the
year and the remaining lanugo fur was pure white. The skin was
pink and the eyes were red. The pup was very reluctant to open
its eyes, undoubtedly because the bright light was painful. It
eventually swam out to sea where kelp gulls (Larus dominicanus)
mobbed it. An albino pup was sighted again on 8 December
approximately 2 kilometers from the original location. Al-
though earlier its chances for survival had seemed poor, at the
second sighting the pup was fat, robust, and had no injuries.

The work was funded by Sea World, Inc. and logistic support
was provided by the Chilean Air Force and the Chilean Ant-
arctic Institute. We are particularly grateful for the enthusiastic
support of the highly skilled helicopter pilots who routinely
performed seemingly impossible tasks on our behalf.
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The fundamental underwater repertoire of Weddell seals was
documented by Thomas and Kuechle (1982) in McMurdo
Sound. The repertoire consists of numerous frequency-modu-
lated sweeps, chirps, pulses, and clicks. Functions for these
sounds have been determined using playback studies (Thomas,
Zinnel, and Ferm 1983). At the same time, Ian Stirling recorded
vocalizations of Weddell seals near the Palmer Peninsula. Upon
examination, one of us found distinct geographic variations in
vocalizations between the two sites (Thomas and Stirling 1983).
Thomas and Stirling predicted that the degree of vocal dif-
ferences reflects the degree of geographic isolation between the
two breeding populations. They also hypothesized that examin -
ing the vocal repertoire around the antarctic continent would
allow them to examine the degree of mixing between breeding
colonies and measure discrete populations.

The Australian station at Davis is in East Prydz Bay, a great
distance from the previously mentioned sites, which therefore
makes it an ideal site for sampling vocalizations of Weddell seals
and testing the hypothesis put forth by Thomas and Stirling
(1983). Davis Station was established in 1957, and Weddell seals
have been tagged annually for population studies since the base
was established. About 3,000 Weddell seals inhabit the near
vicinity of Davis Station. Two research teams using similar
sampling schemes and equipment conducted studies of under-
water vocalizations of Weddell seals in East Prydz Bay.

Rhys Puddicombe made monthly recordings near Davis Sta-
tion from May to September and fortnightly recordings from
October to December 1983. During each recording session a 24-
hour cycle was sampled using 10-minute recordings every 2
hours. He made recordings at five sites: Brookes Hut, Powell
Point, Shirokaya Bay, Gardener Island, and Barrier Island in and
off Vestfold Hills (68°30'S, 78°10'E).

At the same time Mimi George and David Lewis on a pri-
vately funded winter expedition made underwater recordings
of Weddell seals along the coast extending from 30 to 100 kilo-
meters southwest of Davis Station. Sites included colonies at
Cape Drakon, Rauer Islands, Brattstrandoyana Island, Hov-
doyana Islands off Amanda Bay, and Larsemann Hills (69°15'S,
76°53'E). Recordings were made using equipment compatible
with past studies.

Analysis of these data is underway. Real time sonograms will
be made to measure frequency, time, and amplitude charac-
teristics of vocalizations. Calls will be classified into existing
categories reported from McMurdo Sound or the Palmer Penin-
sula or will be assigned new categories if no similar sounds have
been previously reported. Once sounds have been categorized,
the number per minute will be counted for each recording. Data
will be summarized by hour of the day, month of the year, and
breeding colony. Comparison of these statistics will allow us to
report whether Weddell seals at Vestfold Hills have similarities
with McMurdo Sound and/or Palmer Peninsula or whether they
represent a distinct breeding population. Upon first inspection,
it appears that the sounds are more like the McMurdo vocaliza-
tions rather than the Peninsula ones; however, subtle dif-
ferences in trills and chugs indicate another geographic variant
in the repertoire.
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Analysis of data will be conducted at the acoustics lab at
Hubbs-Sea World Research Institute. Data collection by Rhys
Puddicombe was supported by the Australian Antarctic Re-
search Program. Funding for the expedition by Mimi George
and David Lewis was from public donation and sponsorship of
the Oceanic Research Foundation.

The authors wish to thank Harry Burton of Australian Na-
tional Antarctic Research Expedition for his involvement and
assistance with this project. In addition, Gill Cracknell and
Jamie Miller of the Oceanic Research Foundation assisted in
making recordings.
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From 9 October to 15 November 1983, a variety of soft and
hard tissues were collected from the pygoscelid penguins
(Pygoscelis adeliae, Pygoscelis papua and Pygoscelis antarctica) on
Ardley Island, South Shetlands, Antarctica.

Priority was given to obtaining sufficient amounts of material
with which to establish precise methods and techniques
needed to yield high-quality, well preserved tissue samples for
subsequent histochemical and morphologic analysis.

Tissue samples were taken from the following organ systems:
hematopoietic, cardiovascular, visual, respiratory, integument,
endocrine, reproductive, digestive, urinary, biliary, and mus-
culoskeletal. In addition, parasites and/or cystic nodules of the
gastrointestinal tract were collected and preserved for subse-

quent processing and identification. Many of the tissue samples
collected have been made available to other investigators in an
effort to maximize the scientific information about these birds.
The sharing of the tissue samples has resulted in three coordi-
nated yet separate grant proposals to the National Science
Foundation to continue and expand the investigation of the
hematopoietic, integumentary, and urinary systems (Zins-
meister, DPP 84-17552; Stromberg, DPP 84-15339; Hinsman DPP
84-17833). The goal of these studies is to define the cells and
tissues of these systems by means of quantification, mor-
phology, and chemical composition in relationship to their de-
velopmental and functional status and to use that information
to establish a comparative data base with other wild antarctic
and subantarctic penguin genera with a possible extension to
captive penguin genera.

Laboratory facilities, supplies, and equipment for this type of
research are not currently available at Teniente Rodolfo Marsh
on King George Island. We established a makeshift laboratory
in the Argentine hut across the bay from the base on Ardley
Island, and transported all supplies, chemicals, and equipment
from the U.S. and Santiago, Chile.

Fixatives.

1. 10 percent neutral buffered formalin in 0.1 mole Sorenson's
phosphate buffer, pH 7.4 was used for light microscopic
examination of the following tissues.
a. Ends of weight-bearing and non-weight-bearing bones,
b. Kidney, liver, lung, gonads, muscle, heart, gut, skin,

pancreas, thyroid glands, spleen, eyes, vessels, para-
sites, and cystic nodules in gut.

2. Trumps fixative (1 percent glutaraldehyde, 4 percent for-
maldehyde) in 0.1 mole sodium cacodylate buffer, pH 7.4
was used for both light and electron microscopic examination
of the following tissues: Kidney, liver, lung, muscle, heart,
gut, skin, gonads, pancreas, thyroid glands, spleen, and
vessels.

3. 2.5 percent glutaraldehyde in 0.1 mole sodium cacodylate
buffer, pH 7.4 was used for electron microscopic examination
of the blood and bone-marrow samples.

4. 2.5 percent glutaraldehyde in 0.1 mole Sorenson's phos-
phate buffer, pH 7.4 was used for electron microscopic exam-
ination of the blood and bone-marrow samples.
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Figure 1. Granulocytes of the genera, Pygoscelis. (1) Heterophil, Pygoscelis adel!ae, 12,450 x. (2) Heterophil, Pygoscelis papua, 12,450 x. (3)
Heterophil, Pygoscelis antarctica, 12,450 x. (4) Eosinophil, Pygoscelis adeliae, 12,450 x. (5) Eosinophil, Pygoscelis papua, 12,450 X. (6)
Eosinophil, Pygoscelis antarctica, 12,450 x. (7) Basophil, Pygoscelis adeliae, 12,450 x.(8) Basophil, Pygoscelis papua, 12,450 x. (9)
Pygoscelis antarctica, due to the paucity in numbers of the avian basophil, we were unable to observe a basophil in the few sections examined
at this time. Additional material will be processed.

Methods.

Peripheral blood. Blood samples were obtained from halothane
anesthetized adult male and female penguins via cardiac punc-
ture. Blood smears were made, air-dried, and stored unfixed for
subsequent transport and processing in the U.S. Anticoagu-
lated blood (1 milligram per milliliter ethylene dimitrilo
tetraacetic acid) was centrifuged (hand centrifuge) at approx-
imately 2,000 revolutions per minute for 5 minutes. Without
disturbing the buff y coat, all but the last drop of plasma was
removed using a Pasteur pipette. The fixative was carefully
layered over the sedimented cells with minimal disruption of
the buffy coat. Due to the amount of fat and viscosity of the
penguin blood, the tubes containing the fix and buffy coat were
allowed to fix for approximately 2 hours. After this time, a
button of thrombocytes and leucocytes embedded in solidified

plasma was removed with only a thin layer of erythrocytes
adhering. The buttons were rinsed in buffer and stored in fresh
fix in small leak-proof containers for transport to the U.S.

Bone-marrow samples. The ends of the long bones of the lower
limb were removed and the bony shafts were gently split open,
placed in the fixative, and stored in leak-proof containers for
transport. Unlike other birds and mammals, aspirates could not
be obtained at this time.

Tissue samples. Samples of kidney, spleen, heart, lung, skin,
liver, pancreas, thyroid glands, gonads, gut, musculo skeletal,
etc., were removed, sliced into suitable size for proper penetra -
tion of the fixatives, and prepared for transport.

Depending upon the choice of fixation, two standard embed-
ments were employed. We used paraffin for light microscopic
analysis of those tissue samples preserved in 10 percent neutral
buffered formalin and in the Trump's solution; we used spurr
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Figure 2. Agranulocytes of the genera Pygoscelis. (1) Monocyte, Pygoscelis adeliae, 12,450 x. (2) Monocyte, Pygoscelis papua, 12,450 x. (3)
Monocyte, Pygoscelis antarctica, 12,450 x. (4) Lymphocyte, Pygoscelis adeliae, 12,450 x. (5) Lymphocyte, Pygoscelis papua, 13,200 X. (6)
Lymphocyte, Pygoscelis antarctica, 12,450 x.

resin for electron microscopic analysis of the tissues preserved
in Trump's solution and the 2.5 percent glutaraldehyde
solutions.

At present, we have employed standard procedures of fixa-
tion of the blood smears in methyl alcohol and stained them
with Wright's blood stain. Preliminary examination of the light
and electron microscopic sections (figures 1, 2, and 3) attest to
the overall success of the procedures employed in collecting,
preserving, and processing of the tissue samples and have
resulted in two manuscripts in preparation (Zinsmeister in
preparation; Zinsmeister and Van Der Heyden in preparation).

This work was supported by the National Science Foundation
Grant INT 83-14929. Round trip air tickets were provided by the
National Science Foundation. Travel and accommodations to
and from Antarctica from Santiago were graciously arranged
through the Instituto Antartico Chileno.
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Figure 3. Thrombocytes and erythrocytes of the genera, Pygoscelis. (1) Thrombocyte, Pygoscelis adeliae, 12,450 x. (2) Thrombocyte,Pygoscelis papua, 12,450 x. (3) Thrombocyte, Pygoscelis antarctica, 12,450 x. (4) Erythrocyte, Pygoscelis adeliae, 9,900 x. (5) Erythrocyte,Pygoscelis papua, 7,500 x. (6) Erythrocyte, Pygoscelis antarctica, 9,900 x.

Possible human impact on penguin
populations in the Antarctic Peninsula

area

D. MULLER-SCHWARZE

College of Environmental Science
and Forestry

State University of New York
Syracuse, New York 13210

Between 1980 and 1984 I visited colonies of the three pygos-
celid penguin species in the areas of the Antarctic Peninsula and
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South Shetland Islands repeatedly and counted the breeding
birds. I compared these counts with earlier ones, notably by
Muller-Schwarze and Muller-Schwarze (1975) and the compila-
tion by Croxall and Kirkwood (1979).

A table summarizing the results has been published
elsewhere (Muller-Schwarze 1984). Two important conclusions
can be drawn: (1) there have been drastic population changes at
some sites, both increases and decreases in numbers of breed-
ing penguins and (2) it appears that frequently visited rookeries
tend to decline, while more remote ones have not changed or
are increasing in size.

Adélie penguin (Pygoscelis adeliae). At Torgersen Island in
Arthur Harbor (64'41'S 64°05'W), we counted 6,500 chicks on 27
January 1982, 5,523 nests on 2 January 1983, and 5,575 nests on
30 December 1983. Taking into account the loss of nests and
offspring over the breeding season, this represents a 9-36 per-
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cent drop from the original census of 8,650 nests in 1971
(Muller-Schwarze and Muller-Schwarze 1975).

Chinstrap penguin (P. antarctica). The number of breeding
chinstrap penguins has increased at remote sites and decreased
in responses to human interference. Entrance Point (63°00'S
60°33'W) at Deception Island is a seldom-visited rookery. On
our 25 January 1982 visit there, I noted a 207 percent increase in
breeding pairs since 1965 (Croxall and Kirkwood 1979). At Wa -
terboat Point (64°49'S 62°52'W), on the other hand, now the site
of the Station Gonzalez Videla, the chinstraps decreased at one
of the two rookeries (Coal Point) from 350 nests in 1922
(Bagshawe 1938) to 60 in December 1980 and from 225 to 2 nests
in the other rookery on the Island, where this represents 83
percent and 99 percent drops, respectively. On the island there
were still 125 nests in 1964 (Croxall and Kirkwood 1979). Thus, a
98 percent decrease occurred during the 16 years preceding
1980.

Gentoo penguin (P. papua). At Port Lockroy (64°49'S 63°30'W),
an often-visited site, the gentoos have been holding their
own. During the 1980-1981, 1981-1982, and 1983-1984 seasons,
counts differed by —20 percent, +11 percent, and +18 per-
cent, respectively, from our 1971 count (Muller-Schwarze and
Muller-Schwarze 1975). At Waterboat Point, site of the Station
Gonzalez Videla, the Coal Point rookery had decreased by 91
percent since 1922 to 153 nests in December 1980 and the rook-
ery at the Island by 14 percent since 1964 (Croxall and Kirk-
wood 1979). Two less often visited gentoo rookeries have in-
creased within a decade: the rookery of Harmony Point (62°19'S

59°15'W) on Nelson Island in the South Shetlands grew from
about 800 nests in 1971-1972 to 1,514 in 1982-1983 (plus 89
percent) and on the remote Danco Island (64°44'S 62°37'W) in
Errara Channel, the rookery increased from 229 to 453 nests
(+98 percent) between December 1971 and December 1982.
Danco Island may be especially subject to population fluctua-
tions, rather than clear trends, due to varying snow cover at the
beginning of the breeding season in different years. There are
few rocky outcrops available on that ice-capped island.

In conclusion, particular attention should be paid to the influ-
ence of frequent human visitation on penguin breeding be-
havior, breeding success, and rookery size.
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Trematode parasites of marine birds in
Antarctica: The distribution of

Gymnophallus deliciosus (Olsson
1893)

E. P. HOBERG

Department of Pathobiology SC-38
University of Washington

Seattle, Washington 98195

During continuing studies of avian helminths at Palmer Sta-
tion, Antarctica (Hoberg 1983) trematodes were found as para-
sites only of charadriiform birds. Digeneans were not repre-
sented in extensive collections (including several thousand
specimens of helminths) from spheniscids, procellariids, and
phalacrocoracids.

Gymnophallus deliciosus (Olsson 1893) was the only species of
trematode found in birds examined during the present study. It
was found as a parasite in the gall bladder of three species of
charadriiforms: American sheathbills, Chionis alba (Gmelin);
southern black-backed gulls, Larus dominicanus Lichtenstein;
and south polar skuas, Catharacta maccormicki (Saunders) col-
lected in the immediate vicinity of Palmer Station during the
austral summer of 1982-1983 (table).

Specimens of G. deliciosus were found in nearly all adult and
nestling gulls that were examined (table). This trematode had
not been previously reported from L. dominicanus although it is
a geographically widespread parasite characteristic of gulls
(Jones and Williams 1968; Hoberg 1979). It is of interest that
Szidat (1964) did not find it infecting southern black-backed
gulls examined in Argentina. It is clear that the cycle of this
trematode is completed in the area near Palmer. The distribu-
tion of immature specimens and metacercariae of G. deliciosus in
nestling gulls suggests the importance of avian breeding
gounds for the acquisition and maintenance of infections by this
trematode.

Digeneans have not previously been reported from south
polar skuas in Antarctica. G. deliciosus occurred with low preva-
lence and intensity of infection in this host (table).

G. deliciosus had been reported from American sheathbills in
the South Orkney Islands and at South Georgia (Jones and
Williams 1968, 1969-a; Williams et al. 1974) but it had not been
found at localities adjacent to the Antarctic Peninsula or at the
latitude of Palmer Station (about 65°S). Sheathbills appear to be a
typical host for this trematode.

Prey consumed by adult and nestling gulls at Palmer was
dominated by the limpet, Nacella polaris (Hombron and Jac-
quinot 1841) (Hoberg unpublished data). This suggests the im-
portance of this mollusc as an intermediate host of G. deliciosus.
Food-habits of south polar skuas at Palmer were more varied,
and molluscs were not represented as prey. It is possible that
limpets are infrequent prey for skuas and would likely be ac-
quired by kieptoparasitism from gulls. Jones and Williams
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Occurrence of the trematode Gymnophallus deliciosus (Olsson
1893) in seabirds collected near Palmer Station, Antarctica

Species of	Number	Prevalence	Intensity of
infection	Intensity of

host	 infected	percentage range 	infection Xb

Larus	 16	76	1-22	8.4
domincanus

Adults
(N=21)c

Larus	 17	85	1-44	9.0
domincanus

Nestlings
(N =20)

Chionis a/ba	3	60	1-8	4.0
Adults
(N = 5)

Catharacta	3	15	2-7	4.3
maccormicki

Adults
(N =20)

a Intensity of infection represents the number of parasites per infected
host.

b "X" denotes mean number of parasites per infected host.
"N" denotes the number of birds of each species examined for parasites.

(1968, 1969-a) and Graefe (1968) indicated that limpets and other
intertidal molluscs were likely intermediate hosts for G. deli-
ciosus and additional species of trematodes from sheathbills.

Previously, only species from three genera, Gymnophallus,
Notocotylus, and Paramonostomum had been reported from cha-
radriiform birds in Antarctica (Jones and Williams 1968, 1969—a,
1969—b; Graefe 1968; Williams et al. 1974; Odening 1982). Avail-
able data suggest that these trematodes probably complete their
life cycles in the subantarctic and antarctic. Continued studies
are planned at Palmer to attempt to elucidate the cycle for G.
deliciosus and other trematodes and to determine the influence
of intertidal foraging patterns by birds on the distribution of
trematodes in avian hosts in Antarctica.

Among pelagic birds trematodes are generally incidental par-
asites that occur with low prevalence and intensity of infection.
In the Northern Hemisphere, digeneans are characteristic of
lands feeding in shallow littoral environments, but they occur
less frequently in diving birds which forage in pelagic regimes
(Hoberg 1979, 1984). The structural attributes of marine eco-
systems and composition of avian communities in Antarctica
suggest that digeneans should be rare parasites of seabirds in
this geographic region.

The pattern of distribution of trematodes in marine birds in
Antarctica is influenced by the availability of suitable intermedi-

ate hosts (mollusca) and the foraging behavior of potential final
hosts. Littoral environments near Palmer are structurally sim-
ple and of low diversity due to ice scouring. The limpet, Nacella
polaris, is the dominant intertidal invertebrate and one of the
few molluscs that could serve as a potential intermediate host
for trematodes (Jones and Williams 1968, 1969—a, 1969—b). The
scarcity of suitable intermediate hosts and the predominance in
the avifauna of pelagic foragers would further reduce the pos-
sibility for the successful completion of some life cycles (von
Linstow 1878; Hoberg 1984).

Field studies at Palmer Station (austral summer 1982-1983)
and continuing laboratory investigations at the University of
Washington were supported by National Science Foundation
grant DPP 81-15975.
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Chitin degradation in Adélie penguins
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Chitin, a polymer of the amino sugar N-acetyl-D-glucosa-
mine (figure 1) is a principal exoskeletal component of the
antarctic krill, Euphausia superba (Raymont, Srinivasagan, and
Raymond 1971; Clark 1980). Some bacteria, as well as certain
invertebrates, fish, birds, and terrestrial mammals produce
chitinases which permit the breakdown of polymeric chitin to
oligosaccharides and monomeric sugar subunits (Jeuniaux and
Cornelius 1978). Chitinase production in birds and mammals
could occur in either of two ways: (1) through a chitinoclastic
bacterial gut flora, or (2) by glandular production of chitinases
(Jeuniaux 1966; Jeuniaux and Cornelius 1978).

During the austral summer of 1984 (January-February), we
investigated the ability of the Adélie penguin, Pygoscelis adeliae,
to degrade the chitinous exoskeleton of their primary food
source, E. superba. Our work at Palmer Station was directed in
these areas: (1) isolation, identification, and quantification of
chitinoclastic bacteria from the digestive tract of Adélie pen-
guins; (2) examination of various penguin tissues for the pro-
duction of chitinase; and (3) quantification of amounts of chitin
degradation occurring in the digestive tract.

The isolation of bacteria from the gastrointestinal tract of
Adélie penguins was carried out under aerobic and anaerobic
conditions at 37°C, using a variety of bacterial media (2216,
Difco; Trypticase Soy, BBL I ; CDC blood agar). For the detection of
bacterial chitin degradation, chitin overlay agar was prepared
by adding 1.0 milliliter purified colloidal chitin, final con-

"BBL" is a trademark of Baltimore Biological Division of Becton, Dick-
inson and Company "CDC" denotes Center for Disease Control.

centration 1.4 percent, to 9.0 milliliters of a 1.5 percent agar
solution. After autoclaving, molten chitin agar was overlayed
onto the previously described media. Zones of clearing around
bacterial colonies indicated chitin breakdown. Digesta material,
beginning in the proventriculus and continuing through to the
colon was used for bacterial enumeration. Preliminary results
indicate the presence of mesophilic chitin degrading bacteria
and this suggests that bacterial chitinolytic activity occurs both
aerobically and anaerobically in the colon region. Total aerobic
counts were in the range of 40,000-200,000 cells per milliliter
digesta whereas anaerobic counts ranged from 40,000-400,000
cells per milliliter digesta. Identification of chitinolytic and non-
chitinolytic isolates from the gastrointestinal tract of Adélie
penguins is currently in progress.

The presence of chitinase in various Adélie penguin organs
was determined by a spectrophotometric assay using a dye-
bound chitin substrate (chitin azure, Sigma) (Hackman and
Goldberg 1964; Bowman and Childs 1982). Chitinase hydro-
lyzes the dye-bound chitin substrate with concomitant release
of dye (Bowman and Childs 1982). To enable the quantitative
measurement of chitinase, a standard curve was determined
using commercially available chitinase (Sigma). Digestive tract
tissue samples, along with liver and pancreas tissues were
analyzed for chitinase activity. One gram of tissue was mixed
with 1.0 milliliter buffer (MoPs2 pH 7.0) and ground in a tissue
grinder. After centrifugation, 50.0 microliter of supernatant was
added to 1.0 milliliter buffer, 10.0 milligram dye-bound chitin,
and 10.0 microliter thimerosal, which inhibits bacterial growth
(Sigma). The tubes were incubated for 24 hos at 37°C. Results
were assayed using a spectrophotometer at 575 nanometer
(Hitachi). Initial results revealed chitinolytic activity in the pan-
creatic tissue of all three Adélie penguin samples. These results
suggest that Adélie penguins may possess two chitinolytic deg-
radation systems.

To quantify the amount of chitin being degraded during
digestion, a penguin dietary study was initiated. Quantitative
chitin degradation can be calculated knowing the chitin content
per dry weight of the food and feces over a known feeding
period.

For the dietary studies, three nonbreeding adult Adélie pen-
guins were captured on Humble Island and held in cages at
Palmer Station. To define a beginning and end to the feeding
study, thin slivers of red surveyor's tape, an inert plastic mate-
rial, was employed as a marker. After an initial adjustment

2 "MOPS" denotes (3-[n-morpholino] propanesulfonic acid).

CHITIN

Figure 1. Schematic diagram of chitin, a polymer of N-acetyl-D-glucosamine.
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Figure 2. Force feeding of Adélie penguin.

period, during which time a force feeding procedure was estab-
lished (figure 2), the Adélie penguins were fed the markers. The
markers were voided after about 24 hours. The cages were then
cleaned and the subsequent food input and fecal output were
measured. On the sixth day, markers were again force-fed to

mark the end of the dietary study. During the study period, the
experimental penguins were force-fed a precisely known
weight of krill daily. All collected fecal material and subsamples
of the krill feed were dried to constant weight at 70°C. These
samples were used to determine the percentage dry weight.
Work is now under way to determine the amounts of chitin
present and the caloric value of the food and fecal material from
the dietary work.

The help of Palmer Station personnel is gratefully acknowl-
edged; with special thanks to Jay Fields, Bryan Obst, Bill
Hamner, Robin Ross, and Langdon Quentin.

This research was supported in part by National Science
Foundation grant DPP 83-00719.
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Pygoscelid penguin and skua
reproductive success and foraging

behavior of penguins in Admiralty Bay
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and N. J. VOLKMAN
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J. L. BENGTSON
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We arrived at the Polish Academy of Sciences' Arctowski
Station in Admiralty Bay, King George Island (62°10'S 58°30'W),
on 16 January 1984, and departed on 13 February 1984. Our
main objectives were:
• To band the chicks of the three penguin species, the Adélie,

gentoo, and chinstrap (Pygoscelis adeliae, P. papua, and ant-
arctica, respectively) and flying birds [brown skua (Cat ha racta
lonnbergi), south polar skua (C. maccormicki), American
sheathbill (Chionis alba), southern giant fulmar (Macronectes
giganteus), and southern black-backed gull (Larus domin-
icanus)] for a population study of this avian community to
begin in 1984-1985.

• To determine the survival, reproductive success, mate
fidelity, and nest-site tenacity of banded breeders and
known-age birds of all species.

• To determine the feasibility of tracking penguins at sea via
radio telemetry.
We located several hundred banded breeders of each penguin

species and 106 known-age pre-breeders. Penguin reproduc-
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tive success was low this season, based on chick counts at
known-sized colonies. Reports of heavy snows and continued
low temperatures into the spring may have partly accounted for
this. Conversely, both skua species had above average success,
compared to previous seasons, with 58 percent of the successful
pairs fledging two chicks. Brown skuas fledged 0.93 chicks per
pair overall; pairs that defended penguin feeding territories
fledged 1.38 chicks. South polar skuas fledged 1.08 chicks per
pair; the most successful season we have recorded since 1978
and a great contrast to last season when no chicks survived.
Four hybridizing pairs of brown and south polar skuas fledged
1.25 chicks per pair.

We attached radio transmitters to 13 breeding penguins (7

gentoos and 6 chinstraps, see figure) and collected data on their
foraging areas and behaviors. Two tracking huts, consisting of
receivers and antennae, were erected approximately 2.5 kilo-
meters apart. Penguins were tracked as they left shore to feed,
and position fixes were established by triangulation from head-
ings taken every 15 minutes. In addition, a strip-chart recorder,
connected to a third receiver, registered signals from penguins
we were tracking. Radio signals were received only when the
penguin's transmitter was out of the water; therefore, the strip
chart recorded peaks when the bird was on the surface and a
baseline when it was submerged. The pattern of surface to dive
times varied with a penguin's behavior. We were able to dif-
ferentiate among porpoising, underwater swimming, search-
ing, stationary diving, and resting on the surface. As a result,
we obtained a record of the foraging behaviors of penguins
throughout their trips at sea, and we knew where in Admiralty
Bay these behaviors occurred.

Gentoo penguins made longer dives and spent a greater
percentage of time in feeding behaviors (i.e., searching or sta-
tionary diving) than did chinstrap penguins. Further analysis
suggested vertical partitioning of feeding areas, with gentoos
feeding at greater depths than chinstraps. We feel this tech-

Radio transmitter epoxied to a chinstrap penguin.

nique will provide valuable new insights into the feeding ecolo-
gy of penguin species and expect to continue this project with
all three pygoscelid species over an entire breeding season.

We are grateful to the Polish Academy of Sciences, base leader
R. Stepnik, and all the members of the 8th expedition for their
helpfulness and generous hospitality during our stay at
Arctowski Station. We also thank the Fuerza Aerea de Chile for
transportation to and from Antarctica, and the U.S. Antarctic
Research Program for logistical support.

This research was supported by National Science Foundation
grant DPP 81-17205.

Energetics and feeding ecology of
free-living penguins and petrels
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Rondebosch 7700, South Africa

The quantity of krill consumed by seabirds along the Ant-
arctic Peninsula is an important consideration when evaluating
potential krill harvesting by man. Between late December 1983
and early February 1984, K. Nagy and B. Obst conducted three

field studies on aspects of energetics and feeding behavior of
seabirds nesting on small islands near Palmer Station, Anvers
Island. R. Wilson is collaborating by sending equipment and
providing analyses needed for measuring swimming speeds
and distances swum by penguins. Sample analyses are still in
progress, so this paper contains only preliminary results.

Adélie penguins. We measured field metabolic rates and water
flux rates using doubly labeled water (Nagy 1980) over a 2-week
period in seven pairs of Adélie penguins nesting on Torgersen
Island, 1 kilometer west of Palmer Station. We adjusted recap-
ture intervals to yield measurements of energy metabolism,
water influx, and water efflux during periods on and off the nest
and periods integrating both activities. Time budgets of marked
penguins were recorded. We attached speed meters (Wilson
and Bain in press) for measuring high-speed swimming ve-
locity and duration (and distance swum as the product of the
two) to penguins that were just relieved of nest duties by their
mates and removed the meters when the penguins returned to
the nest. At the end of the study, we took samples of stomach
contents of several penguins to determine diet (it was 100 per-
cent krill). Results of these measurements will be combined
with determinations of energy assimilation efficiency (Stem-
mler et al., Antarctic Journal, this issue) to calculate food require-
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ments of nesting adults. These will be combined with measure-
ments of growth rates of chicks to estimate food consumption
per nest, which will then be multiplied by our count of active
nests on Torgersen Island (8214) to estimate daily krill consump-
tion by the entire colony.

Preliminary results indicate that Adélie penguins had field
metabolic rates that were somewhat higher than those of jackass
penguins living in warmer conditions in South Africa (Nagy,
Siegfried, and Wilson in press). We crudely estimated food
consumption to be about 2 kilograms per nest per day, or about
15-20 metric tons per day for the whole colony.

Giant petrels. We measured field metabolic rates and water
fluxes using doubly labeled water, in eight nesting adults on
Humble Island, 2 kilometers northwest of Palmer Station. We
set recapture intervals at 2-3 days to obtain integrated measure-
ments of daily energy metabolism, and with two birds, we
attempted to estimate metabolic rate during the period on the
nest. If our attempt was successful (depending on isotope ana-
lyses yet to be done), metabolism while foraging can be calcu-
lated by subtraction. We will also estimate food consumption by
these birds.

Adélie, gentoo, and chinst rap penguins. One of the islands in the
Joubin Islands group (about 15 kilometers west of Palmer Sta-
tion) had these three species nesting on it together. In other
areas where two or three species of penguins nest sym-
patrically, they apparently reduce competition for food re-
sources by foraging in different areas or at different distances
from the rookeries, by foraging at different times, or by feeding
on somewhat different foods (Croxall and Prince 1980; Vol-
kman, Presler, and Trivelpiece 1980; Volkman, Trivelpiece, Triv-
elpiece, and Young 1982; Trivelpiece, Trivelpiece, Volkman, and
Ware 1983). To determine whether the penguins on the Joubin
Islands also used different foraging modes, we measured times
of day each species foraged, duration of periods off the nest,

and stomach contents to assess diet, as well as swimming
speeds, duration of swimming, and distances swum [all three
determined by using speed meters (Wilson and Bain in press)].
Preliminary results do not indicate major differences in any of
these parameters among the three species of penguin.

This research was supported primarily by National Science
Foundation grant DPP 83-02852 to W. Hamner, and secondarily
by contract DE-AM03-76-5F00012 between the Department of
Energy and the University of California, and by the Percy
FitzPatrick Institute of African Ornithology, University of Cape
Town. We are grateful to Rick Elmasian, U.S. Coast Guard, and
Jay Fields for valuable assistance in the field.
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Status of known-age birds
banded as chicks near Palmer Station

in the 1970's

D. F. PARMELEE and C. RIMMER

Itasca Biology Program
University of Minnesota

Minneapolis, Minnesota 55455

During the 1970's Parmelee and graduate students banded a
number of juvenile birds in the vicinity of Palmer Station. The
purpose of the current study was to determine how many of
these birds returned to the Palmer area as breeding adults. The
following is a summary of the results of our initial survey from
26 December 1983 to 10 March 1984.

Southern giant petrel (Macronectes giganteus). From 1975
through 1979, 1,034 chicks were banded. Of these, 11 were
recovered at nests in 1984. All had been banded during 14-28

March 1977 by Brian Glass; seven of the 11 returned to islands
where they had hatched, the remaining four to islands nearby.
Earliest breeding age recorded was 7 years.

Blue-eyed shag (Phalacrocorax atriceps). Five chicks in 1977 and
251 chicks in 1979 were banded on Cormorant Island. Four of
these, all from 1979 bandings, were recovered at nests on Cor-
morant Island. In addition, three of 110 chicks banded there is
1980 were at nests in 1984 (two nests were empty, one had a
single chick). Earliest breeding age recorded was 4 years.

South polar skua (Catharacta maccormicki). From 1975 through
1979, 541 chicks were banded. Of these, 10 were recovered at
nests, five at islands where they had hatched, and the remain-
ing ones at islands nearby. Earliest breeding age recorded *as
years. A number of paired nonbreeding south polar skus ob-
served on territories in the nesting areas were probably pre-
breeders, perhaps from the 1979-1980 season when 277 chicks
were banded.

Brown skua (Catharacta lonnbergi). From 1975 through 1979, 80
chicks were banded. Of these, two were recovered: one banded
on Litchfield Island on 18 January 1976 was recovered at a nest
nearby on Humble Island on 3 January 1984 and one banded on
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Christine Island on 12 January 1977 was recovered at a nest on
one of the Joubin Islands off southwest Anvers Island on 12
January 1984. Earliest breeding age recorded was 7 years.

F1 hybrid skua (Catharacta maccormicki x lonnbergi). From 1975
through 1977, 16 F 1 hybrid chicks were banded. Of these, one
was recovered at a successful nest on 26 January 1984 on Chris-
tine Island, about 4.5 kilometers from where it had been band-
ed as a chick on Humble Island by David Nielson on 18 January
1976. The F 1 hybrid was mated to a south polar skua and pro-
duced an F2 hybrid. This successful nesting is significant be-
cause it is the first solid evidence that the gene pools of the two
skuas are mixed in the Antarctic Peninsula area. The 8-year-old
hybrid had been recovered once before: at Parangual, Brazil on

23 May 1980 by Edson Cunico, who released the bird with band
intact.

We expect to find considerably more breeding birds banded
as chicks as the birds attain sexual maturity. Large numbers
were banded during the 1979-1980 and 1980-1981 seasons.
During 1983-1984, the following chicks were banded: southern
giant petrel (277), blue-eyed shag (158), south polar skua (384),
brown skua (18), hybrid skua (2), southern black-backed gull
(Larus dominicanus) (214), and antarctic tern (Sterna vittata) (21).
Blood samples for protein analysis were taken from 15 south
polar skuas, 16 brown skuas, 3 F 1 hybrids, and 1 F2 hybrid.

This project was supported by National Science Foundation
grant DPP 82-13688. Kenneth Nagy assisted us in the field.

Hydrographic fronts and marine bird
distribution in antarctic and

subantarctic waters

R. R. VEIT and
B. M. Braun

Department of Ecology and Evolutionary Biology
University of California
Irvine, California 92717

During the 1983-1984 austral summer, we continued our
studies of antarctic seabirds (Hunt 1982; Hunt and Veit 1983)
while aboard the USCGC Polar Sea. This year we focused our
interest on the effects that hydrographic fronts near or over
continental slopes have on the distribution of oceanic birds. We
rode the Polar Sea from Valparaiso, Chile, to Palmer Station,
Antarctica, with a stop at Punta Arenas, Chile; from Palmer to
McMurdo Station and back; and from Palmer north to Rio de
Janeiro, Brazil, with stops at Punta Arenas, Chile, and at Mon-
tevideo, Uruguay.

Our most interesting findings resulted from three transects
across shelf-break fronts: (1) in the northwestern Ross Sea, (2) to
the northeast of King George Island in the South Shetland
Islands, and (3) off the eastern coast of South America. In each
case, we found that bird density in the vicinity of the shelf-break
front was very much higher than over either deep water farther
offshore or shallower water farther inshore, and that the fronts
also served as a distinct boundary between two discrete com-
munities of pelagic birds.

In the northwestern Ross Sea, we had the opportunity to
work in collaboration with Stanley S. Jacobs and his team from
the Lamont-Doherty Geological Observatory. During our trans-
ect there on 5 February 1984 we discovered more than a 10-fold
increase in bird abundance and biomass as we crossed the shelf-
break front (figure 1). The increase involved primarily Adélie
penguins (Pygoscelis adeliae) and Wilson's storm petrels
(Oceanites oceanicus). This pattern is similar to that described by
Ainley and Jacobs (1981), except that in this case we were able to
show that the increase in bird density at the shelf break occurred
even in the absence of pack ice, the presence of which in Ainley

and Jacobs' study tended to obscure the relative influence of the
ice edge and the hydrographic front on the increased numbers
of birds. This front also served as a boundary between commu-
nities of birds; we observed light-mantled sooty albatross (Phoe-
betria palpebrata), mottled petrel (Pterodroma inexpectata), and
dove prion (Pachyptila desolata) only offshore from the front,
while the dominant species inshore from the front were Adélie
penguin and Wilson's storm petrel.

Off King George Island on 22 December 1983, we found a
similar increase in bird abundance as we crossed a front at the
continental slope (figure 2). In this case, the roughly six-fold

720 2245	 710 56.7'S	 71032-7'S
172 0 hOE	 172°31.8'E	 1720446'E

POSITION

Figure 1. Bird densities along a transect in the northwestern Ross
Sea running from shelf water across the continental slope into deep
water: A. Number of birds/Km 2. B. Bird Biomass (Kg)/Km2. (11Km2"
denotes square kilometer; "kg" denotes kilogram.)
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Figure 2. Bird densities (Birds/Km2) along a transect northeast of King George island, running from deep water across the continental slope into
shelf water. ("Km2" denotes square kilometer; "fms" denotes fathoms.)

increase in bird numbers involved a very large (more than
2,500) flock of cape pigeons (Daption capensis) which were ac-
tively feeding. The items we saw several birds catch looked like
krill. Our data from expendable bathythermograph casts on that
transect suggest that an anomalous body of warm (3.0°-4.0°C)
water was upwelling to the surface immediately over the steep-
est portion of the continental slope and under the area where
the cape pigeons were feeding.

Off northeastern Argentina on 17 March 1984, the Polar Sea
set a course which transected the front between the cold (11°C)
Falkland current and the warmer (22°C) shelf water (figure 3). In
the immediate vicinity of this interface, we saw 400 or more
long-tailed j aegers (Stercorarius longicaudus). These observations
tend to substantiate our hypotheses (Hunt and Veit 1983) that
long-tailed jaegers winter in substantial numbers in this area,
and secondly, that the jaegers are especially attracted to the
vicinity of this front. Our use this year of the ship's infrared
satellite imagery helped to clarify that the massive con-
centrations of birds which have previously been reported in this
area (e.g. Brown 1980) are there because of upwelling associated
with the western boundary of the Falkland current.

These findings support quantitatively a concept which has
been known in a qualitative sense since at least the early part of
this century (Murphy 1936), in that large numbers of birds (as
well as fish and mammals) have been found in the vicinity of
continental slopes. Through our studies, we hope to show
under which conditions birds are attracted to shelf-break fronts,
and ultimately, why they are attracted to such areas. Our most
important research goal now is to determine how the birds'
prey items are affected by the oceanographic patterns which we
presume to be influencing the birds. We plan to accomplish this

Figure 3. Major surface currents off Argentina. Derived from infrared
satellite imagery, 16 March 1984, obtain from USCGC Polar Sea.
("Km" denotes kilometer.)
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by sampling plankton communities along the transects during
which we count birds.

On this season's cruise, we also had the unusual opportunity
to study the ornithology of the largely unexplored coastal wa-
ters between the Edward VII Peninsula and Mount Siple (73°S
123°W) between 16 February and 9 March 1984. The seas in that
sector were heavily ice covered but, in the western sectors,
supported large numbers of molting Adélie and emperor
penguins. These observations concur with our findings of last
year, when in the Weddell Sea, we observed large numbers of
molting Adélie penguins during the period 24-28 February
1983. The glaciologists (C. Denton) and vulcanologists (W.
LeMausurier) working ashore at Mount Siple reported nesting
colonies of Adélie penguins and south polar skuas (Cat haracta

maccormicki). They estimated that 3,000 pairs of Adélies bred
there but saw no young. Several fledging skuas were seen and
the colony there may have contained on the order of 100-500
birds.

This work was supported by National Science Foundation
grant DPP 82-06052, G.L. Hunt, Jr., principal investigator. We
would like to thank the officers and crew of the USCGC Polar Sea

for their skillful assistance.
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Population studies of the south polar
skua

D. C. AINLEY, C. A. RIBIc, and R. C. WOOD

Point Reyes Bird Observatory
Stinson Beach, California 94970

Most of what is known about seabirds concerns their social
behavior and breeding biology, in other words, that part of their
natural history leading through the fledging of young. Unfor-
tunately, we know little about population biology; information
about adult survivorship, mortality, and longevity could put
available data on breeding productivity in perspective. Both
types of data are needed to construct a species' life table and
both are needed to understand changes in population size, but
demographic data are much more difficult to collect than data
on productivity, primarily because gathering demographic data
requires a tremendous investment of time (and money).

We studied the population biology of the south polar skua
Catharacta maccormicki at Cape Crozier, Ross Island. The project
began in the 1961-1962 season, the first of nine consecutive
seasons that R.C. Wood banded all chicks which hatched and
survived to at least 2 weeks of age. When these birds returned as
subadults and adults in following years, their presence and
breeding behavior were recorded. Using these data, we can
analyze demographic characteristics for birds up to 8 years of
age.

The project was discontinued after 1970-1971 except for 2
years of censuses made by S.H. Morrell and D.C. Ainley in
1974-1975 and 1975-1976 (birds 5-14 years old). Then in the
1980-1981 summer season we began a 4-year effort to collect
data on older birds (11-22 years old).

During the past four seasons, 1981-1982 to 1983-1984, we
returned to Cape Crozier for 3-week periods and again cen-
sused known-age skuas and determined their breeding status.

Results from one year to the next within these four, indicate an
annual survivorship close to 99 percent in oldest birds, which
compares to an average 94 percent over an earlier 4-year-period
for breeding skuas of unknown ages but certainly including
younger birds (Wood 1971). The high survivorship among
oldest skuas is among the highest ever measured in birds. It
contrasts, or balances, this species' unusually poor reproduc-
tive performance at Crozier. We have also found that skuas are
extremely faithful to their mates; in many cases, pairs have been
together for decades, even staying together while moving their
nesting territory appreciable distances. A by-product of our
observations was the discovery that one can determine the sex
of south polar skuas by comparing the relative size and color of
mated pairs: females are larger and lighter in color. This discov-
ery will allow us to separate our demographic analyses by sex, a
rare opportunity in the already rare demographic studies which
are almost always monomorphic.

During the last three seasons, we also successfully surveyed
all skua nesting areas elsewhere on Ross Island and on the
Victoria Land coast from Cape Chocolate (southern McMurdo
Sound) to Cape Adare. This was done from a helicopter and on
board an ice breaker. To calculate emigration rates for the
Crozier population, we were looking for skuas that had hatched
and been banded at Cape Crozier, but which had moved to new
sites to breed. These rates are critical for adjusting the demo-
graphic parameters of the Crozier-breeding population. We
found only four Crozier birds, all from the two largest year
classes, which indicates very low emigration rates for this popu-
lation. Interestingly, in the course of our searches, we found
about a dozen breeding skuas that had been banded as chicks by
the French at Pointe Ceologie. Why so many birds (relatively
speaking) apparently moved from that region to the Ross Sea
region is not known.

Using survey data, we have also been able to approximate a
total Ross Sea population for the south polar skua. This is the
first region-wide census of an antarctic seabird, other than
penguins. Although we are still compiling results, it appears
that about 3,900 breeding pairs exist in the region. It also ap-
pears that skuas nest on virtually every piece of flat, exposed
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coastal land in the Ross Sea region and not necessarily where
penguins also nest, as might be expected.

During the past 2 years, we have computerized all data
gathered on the Crozier population since 1961, and we will
begin analysis of that data soon. When completed, the project
will be one of the few that consider the demography of a long-
lived seabird. This unique set of data will be useful in under-
standing the factors that regulate populations of higher verte-
brates. Even at this early stage of analysis, however, it already
appears that the skuas of Cape Crozier may be somewhat un-
usual among vertebrates in that factors unrelated to density
seem to be of paramount importance to the regulation of their
population.

During the four final field seasons, Phil Henderson, Steve
Morrell, Susan Sanders, Judy Sherburne, and Larry Spear
provided helpful assistance in the field. Their help, and that
provided by personnel of ITT Antarctic Services, VXE-6, and
USCGC Glacier is much appreciated. This project was funded by
National Science Foundation grant DPP 79-20796.
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Terrestrial biology

Antarctic cryptoendolithic microbial
ecosystem research during the

1983-1984 austral summer

E. I. FRIEDMANN

Department of Biological Science
Florida State University

Tallahassee, Florida 32306

The exploration of the crytoendolithic microbial community
in the Ross Desert* of southern Victoria Land began in 1974.
Field studies have been carried out yearly since the 1976-1977
season. This microbial community, the dominant, if not sole,
community of the antarctic desert, forms an ecosystem that is
simple with respect to trophic levels and species number, al-
though the organisms span a wide taxonomic range. Because of
its simplicity, it is eminently suitable for a comprehensive ana-
lytical study. Such a study, in turn, raises a wide rang of biolog-
ical problems which call for a variety of approaches and meth-
odologies. It is now also evident that these problems cannot be
understood without considering the complex interactions be-
tween the biological and geological-geochemical process or
without the study of the physical (microclimatic) environment.

These requirements necessitated a multidisciplinary ap-
proach that could be realized only by the cooperation of several
scientists and laboratories. These scientists now form the ant-
arctic cryptoendolithic microbial ecosystem research group
with over 20 members from nearly as many laboratories in the
United States, Germany, Israel, the United Kingdom, and Aus-

* Ross Desert is an unofficial name but has been proposed to the
Advisory Committee on Antarctic Names. It is used here to indicate
the ice-free region of southern Victoria Land, between approximately
76°30' and 78°30'S. The designation "dry valleys," often used for this
area, is a misnomer because the region includes mountain ranges as
well as valleys. The unofficial name "McMurdo oasis" is similarly
unsuited, because this region is a true desert.

tria. The work of the group is coordinated by the exchange of
materials, (collected specimens, living cultures, and oberva-
tional and experimental data), through the publication of a
regular newsletter, and by yearly workshop symposia where
results of ongoing research are discussed and plans for the
coming field season finalized. The annual symposia have been
held in Washington, D.C. (1982), in Santa Fe, New Mexico,
(1983), and in Cincinnati, Ohio (1984).

Senior investigators from diverse disciplines regularly par-
ticipate in the yearly field work. Members of the field group
during the 1983-1984 season were: T.W. Federle (University of
Alabama), M. Hale (Smithsonian Institution), C.P. McKay (Na-
tional Aeronautic and Space Administration/Ames Research
Center), R. Ocampo-Friedmann (Florida A&M University), J.R.
Vestal (University of Cincinnati), H.S. Vishniac (Oklahoma
State University), Ging-Hoen Huang (graduate student, Florida
State University), and E. I. Friedmann (Florida State
University).

Some preliminary results of the field activities of the group
are being reported by Hale and Ocampo-Friedmann; McKay
and Friedmann; Vestal, Federle, and Friedmann; and Vishniac
(Antarctic Journal, this issue).

Field research of the antarctic cryptoendolithic microbial eco-
system research group is supported by National Science Foun-
dation grant DPP 83-14180; laboratory research is supported by
National Aeronautics and Space Administration grant NSG 7337.
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Ascospore cultures of lichen
phycobionts from the antarctic desert

M. E. HALE

Department of Botany
National Museum of Natural History

Smithsonian Institution
Washington, D.C. 20560

R. OCAMPO-FRIEDMANN

Division of Mathematics and Natural Sciences
Florida A&M University
Tallahassee, Florida 32307

During the 1983-1984 austral summer, cultures of lichen phy-
cobionts were isolated from ascopores in fruiting bodies of
fertile stages. The lichens are cryptoendolithic, chasmoen-
dolithic, and epilithic forms collected in the mountainous areas
of the Ross Desert (Acarospora sp., Buellia grisea Dodge & Baker,
Buellia pallida Dodge & Baker, Lecidea capsulata Dodge & Baker,
Lecidea phillipsiana R. Filson, Lecanora sp., and Rinodina sp.). The
isolation method of Ahmadjian (1961) was followed with minor
modifications: portions of mature apothecia from freshly col-

lected samples were affixed with petroleum jelly to the inside of
the cover of a Gelman Tissue Culture Dish which contained
sterile solid nutrient medium. Several standard mycological
media were used with equal success. The attached ascocarps
were wetted with a drop of sterile double distilled water and the
dish inverted so that the cover with the ascospores was at the
top. As the ascocarps absorb moisture, the spores are forcibly
discharged onto the underlying medium. During this time,
cultures were kept at 4°C.

As soon as the spores were released, each dish was sealed
with parafilm as drying of the agar medium inhibits ascospore
germination. Upon germination, small blocks of agar with a few
(preferably single) spores were cut out aseptically and trans-
ferred to fresh medium. Cultures were maintained at 10°C ±
1°C.

One hundred and twenty strains were isolated and are being
maintained in the culture collection of microorganisms from
extreme dry environments in the Department of Biological Sci-
ence, Florida State University.

Field research was supported by National Science Foundation
grant DPP 83-14180; laboratory research was supported by Na-
tional Aeronautics and Space Administration grant NSG 7337.
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Continuous temperature
measurements in the cryptoendolithic
microbial habitat by satellite-relay data

acquisition system

C. P. McKAY

Solar System Exploration Office
NASA-Ames Research Center

Moffett Field, California 94035

E. I. FRIEDMANN

Department of Biological Science
Florida State University

Tallahassee, Florida 32306

Ecological research in Antarctica is hampered by the diffi-
culty of obtaining field data over the entire year. The logistical
difficulties of supporting year-round field parties and the desire
to minimize disturbance of the unique ecosystems of the Ant-
arctic suggest that automatic data acquisition systems could play
a key role in field research in areas away from the main winter-
over stations.

Previous studies of the physical ecology of the cryptoen-
dolithic microbial communities of the antarctic cold desert have

been limited to data collected during field work (Friedmann
1977; Kappen, Friedmann, and Garty 1981; McKay and Fried-
mann in press). In this paper we present temperature data
acquired with a satellite-relay data acquisition system. The data
set considered here is only the first section of a continuous data
log extending throughout the summer and winter months
(Friedmann, McKay, and Nienow in preparation).

The satellite-relay system employed is based on the antarctic
automatic weather stations of Stearns and Savage (1981) and
Stearns (1982). The satellite transmission and power systems
and the range of sensors developed for measurements in the
cryptoendolithic habitat are described in McKay et al. (1983).

Temperature is measured with a semiconductor sensor. The
active device is a National Semiconductor (Santa Clara, Califor-
nia) LM134-3 current source packaged in a hermetically sealed
cylindrical metal can, approximately 4 millimeters in both
height and diameter. The sensor current is directly proportional
to absolute temperature. This device is an ideal remote tem-
perature sensor because it does not lose accuracy over long wire
runs. The sensor current is passed through a precision resistor
with a low temperature coefficient, and the voltage across this
resistor is the output signal. Calibration of the LM134-3 consists
of slope adjustment only, and since the output extrapolates to 0
at OK, it is independent of any initial inaccuracy. Pre-con-
ditioning of the input signals is handled by custom manufac-
tured electronics (National Research and Technology, Tall-
ahassee, Florida).

Data are processed by an Argos Data Acquisition Platform
(ADAP, manufactured by Polar Research Laboratories, Santa
Barbara, California). The ADAP is a self-contained, portable data
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system designed for remote areas. Each unit is capable of sam-
pling 32 channels in the form of analog ground-referenced
voltages from 0 to 5 volts. In operation, the ADAP completes a
sampling sequence once every 200 seconds. In each sampling
sequence, the unit samples all 32 channels for more than a 1-
second interval and then stores, digitizes, and transmits the
data to the TIROS/NOAA series satellites. When the satellite's orbit
places it within the view of a platform, the transmissions are
received and relayed to the ARGOS center (Centre Spatial) in
Toulouse, France. The fact that the satellites are in polar orbits
makes this system particularly well suited for use in Antarctica
where data transmission to geostationary satellites is often im-
possible. The total number of satellite passes over a given plat-
form averages about seven a day at the equator and up to 28 per
day at the poles. Currently there are two satellites active in this
series, TIROS 7 and 8, in sun-synchronous polar orbits with
periods of about 100 minutes. Three additional spacecraft in this
series are under construction and are scheduled for launch in
1984, 1985, and 1986-1987.

The major problem in the design of a ground station in Ant-
arctica is ensuring survival throughout the austral winter. For
our system, power is supplied by eight 12—volt 40-ampere-hour
lead-acid gel batteries (Power Sonic, Redwood City, California)
recharged during the summer months by an array of solar cells.
The average power requirement of the system, including ADAP,
ancillary electronics and sensors is about 0.6 watts. This load
can be sustained for over 8 months with the battery supply. All
electronic components are rated or tested to -40°C.

Temperature variations of the air and of the surface of two
Beacon sandstone outcrops are reported here. Air temperature
was measured at a distance of about 1 meter from the rock
sensors and at a height of about 70 centimeters above the sur-
face, screened from direct solar radiation by a polished metal
cylinder. The site of the "colonized rock" is a sandstone outcrop,
colonized by cryptoendolithic microorganisms. The crust is
brown from the accumulation of iron compounds. The orienta-
tion of the measured face is vertical, and it faces the sun directly
in the morning hours. This is the same rock boulder measured
earlier by Kappen, Friedmann, and Garty (1981) and McKay
and Friedmann (in press). The location of the sensor is the same
as "site a" in McKay and Friedmann (in press). The "un-
colonized rock" is a horizontal Beacon sandstone surface with
no iron incrustation and without microbal colonization. It is not
in the shadow of any other rock boulder and during the obser-
vation period it received nearly continuous sunlight.

Figure 1 shows temperature variations over a 16.3-day period
beginning 21 December 1983, each profile being based on over
1,300 data points.

Figure 2, parts a, b, and c, show the cumulative time histo-
grams for the data in figure 1. The cumulative time is the sum of
all the time intervals during which the temperature is within the
limits of the histogram step. The algorithm that calculates the
cumulative time distributions (developed by T. Lung at the
National Aeronautics and Space Administration) assumes linear
interpolation between events. As an example for the use of the
cumulative time graph, we note that the uncolonized rock spent
a total of about 1 day at temperatures between 0.0°C and 2.0°C
during the 16.3-day interval. The total areas in each of the
cumulative time histograms are the same and equal the total
period of measurements (16.3 days). Figure 2d shows the frac-
tion of the total time that temperature exceeded a specified level
for each of the three profiles. This was calculated by summing
all cumulative time values for the intervals exceeding the spec-
ified level and dividing by the total time interval.
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Figure 1. Temperatures of air and of two rock surfaces between 22
December 1983 and 7 January 1984, recorded by satellite transmis-
sion. Each graph represents 1303 data points without averaging or
smoothing.

Both rock surfaces were considerably warmer than the air
with a temperature differential between the air and the colo-
nized rock face of about 15°C during the day. The maximum
rock surface termperature observed was 17.3°C. In addition, the
air temperature showed considerably more short-term varia-
tions than the temperature of either rock surface (figure 1). The
biological importance of such variations has been discussed by
McKay and Friedmann (in press).

A comparison of the solid and dotted lines in figure 2d shows
that both the "uncolonized" rock and the "colonized" rock
reached temperatures exceeding -2°C for the same time period.
Experimental data indicate (Kappen and Friedmann 1983; Ves-
tal, Federle, and Friedmann, Antarctic Journal, this issue) that
biological activity takes place at this temperature. However, the
"colonized" rock reaches biologically significant, higher tem-
perature levels for considerably longer time periods than the
"uncolonized" rock. For example, the total time that the tem-
perature exceeds 4°C (figure 2d) during the period of measure-
ments is 3.60 days for the "colonized" rock, 1.85 days for the
"uncolonized" rock, and 0.0 days for the air.

At this time, available experimental biological data are still too
fragmentary to determine the cumulative time/temperature
threshold for microbial colonization of rocks. The year-round
satellite-mediated microclimatological measurements are de-
signed to provide the physical basis for such studies.

Field research was supported by National Science Foundation
grant DPP 83-14180; laboratory research was suppored by Na-
tional Aeronautics and Space Administration grant NSG 7337.

References

Friedmann, E. 1977. Microoganisms in antarctic desert rocks from dry
valleys and Dufek Massif. Antarctic Journal of the U.S., 12(5), 26-30.

Friedmann, E. C. P. McKay, and J. A. Nienow. In preparation. Biolog-
ically significant environmental data in continental Antarctica contin-
uously monitored by a satellite-mediated automatic station.

Kappen, L., and E.I. Friedmann. 1983. Ecophysiology of lichens in the
dry valleys of Southern Victoria Land, Antarctica. II. CO 2 gas ex-
change in cryptoendolithic lichens. Polar Biology, 1, 227-232.

Kappen, L., E.I. Friedmann, and J . Garty. 1981. Ecophysiology of li-
chens in the dry valleys of southern Victoria Land, Antarctica. I.
Microclimate of the cryptoendolithic lichen habitat. Flora (Jena), 171,
216-235.

McKay, E. P., R. Weed, D. A. Tyler, J. Vestal, and E. Friedmann. 1983.

1984 REVIEW	 171



6

Cs

LU

I-
LU
>

I-
<2—J

0
0

6
In
>Cs

LU

I-
LU
>

I-
<2-J

0

0

1.0

—J
<	.8
I-
0
l-2

,-0

2w

<	.2

6
In

>.
Cs

-D

LU

I-
LU

>

I.-
<2
—J

0
0
-16 -12 -8 -4 0	4 8

I	I	I	I

12 16 20	-16 -12 -8 -4
TEMPERATURE INTERVAL, °C

'.. I	I

0 4	8 12 16 20

-, ...	D.	UNCOLONIZED ROCK
COLONIZED ROCK
AIR TEMPERATURE

Figure 2. a, b, C: Cumulative time histograms for temperatures of "uncolonized" rock, "colonized" rock and air shown in figure 1. d: Fractions of
total time span that the temperature exceeded the specified value. Actual lengths of time can be calculated by multiplying this fraction with the
total time period of the measurements (16.3 days).

Studies of cryptoendolithic microbial communities in the antarctic
cold desert. Antarctic Journal of the U.S., 18(5), 227-228.

McKay, C. P., and E. 1. Friedmann. In press. The cryptoendolithic micro-
bial environment in the Antarctic cold desert: Temperature variations
in nature. Polar Biology.

Stearns, C.R., and M.L. Savage. 1981. Automatic weather stations.

Antarctic Journal of the U.S., 16(5), 190-192.
Stearns, C.R. 1982. Antarctic automatic weather stations. Antarctic Jour-

nal of the U.S., 17(5), 217-219.
Vestal, J.R., T.W. Federle, and E. Friedmann. 1984. The effects of light

and temperature on the Antarctic cryptoendolithic microbiota in
vitro. Antarctic Journal of the U.S., 19(5).

172
ANTARCTIC JOURNAL



-5	 5	 15	 25	 35

E

0

E

C/)
U)
Lii
I

Z
>-
U)
0
I-
0
I
0

3.5

2.5

1.5

0.5

The effects of light and temperature
on antarctic cryptoendolithic

microbiota in vitro
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Photosynthetic activity of the cryptoendolithic microbial
community in Beacon sandstone (Friedmann 1982) at Linnaeus
Terrace was studied under controlled conditions. Phycobionts
of lichens and non-lichenized green algae and cyanobacteria are
the primary producers of this ecosystem. Light intensity and
temperature are major environmental factors, and we studied,
in the laboratory, their effects on photosynthetic incorporation
of carbon-14 bicarbonate. The results may help to explain how
these physical factors affect metabolism in nature.

The biotic zones of colonized rocks were excised and
powdered to sand consistency with mortar and pestle. This
homogeneous material was kept at a temperature below 10°C
during manipulation and stored at -20°C. One and one half
gram aliquots were placed into glass vials containing 0.48 milli-
liter of cold (1°C) bicarbonate buffer (0.6 micromoles per milli-
liter, pH 7.5) to which subsequently 20 microliter of carbon-14
bicarbonate solution (0.434 nanomoles, 0.2 microCurie) was
added. Dark controls were covered with aluminum foil. The
vials were capped with parafilm-coated corks and incubated in a
termostatically repulated water bath either under constant light
(120 microEinsteins per square meter per second), at varying
temperatures or under constant temperature (10°C) at varying
light conditions. Light level was varied by placing pieces of
fiberglass window screen between the light source and the
samples. After 2 hours incubation, the vials were removed,
placed into 20 milliliter scintillation vials and crushed. One
milliliter 0.1 normal hydrochloric acid was added to each vial for
1 hour to drive off the unfixed bicarbonate, followed by 1 milli-
liter of 1 percent sodium dodecyl sulfate solution to solubilize
the cellular contents. After 1 hour, 10 milliliters of Aquasol
counting solution was added and the radioactivity determined
in a scintillation counter. We corrected for quenching by using
an internal standard. Light samples were replicated in sextupli-
cate and the dark controls in triplicate. All experimental pro-
cedures were carried out in the Eklund Biological Research
Laboratory at McMurdo Station.

Figure 1 shows that photosyntheseis occurred at -2°C, but not
at -3° or -5°C. Activity peaked at 5°C and remained significantly
high until 25°C. It decreased at 30°C and there was no activity at

PHOTOSYNTHESIS vs TEMPERATURE

TEMPERATURE (°C)

Figure 1. The effect of temperature on the photosynthetic uptake of
H 14CO, by the cryptoendolithic microbiota in vitro.

35°C. These data indicate that photosynthesis takes place at
temperatures below 0°C, as reported by Kappen and Fried-
mann (1983). It should be pointed out that several epilithic
antarctic lichens are known to have temperature compensation
points well below, 0°C, and probably have some photosynthetic
metabolism even around -15°C (Lange and Kappen 1972). Pho-
tosynthesis below the freezing point could be explained either
by the presence of a solute which prevents ice formation or the
carbon fixation enzyme, ribulose bisphosphate carboxylase, re-
mains active at subzero temperatures; further studies will be
necessary to determine which hypothesis is correct. There is
some indication in figure 1 that temperature dependence of
photosynthetic metabolism may follow a bimodal curve with
one maximum around 5°C and another at a higher range.
Should further studies confirm this, it could be then explained
by the presence of the two photosynthetic populations in the
rocks. The more temperature sensitive population could be the
psychrophilic non-lichenized green alga Hemichioris antarctica
(Tschermak-Woess and Friedmann in press). The broad peak
between 10° and 25°C could be due to the activity of the lichen
phycobiont (Trebouxia or Pseudotrebouxia, Archibald, personal
communication) as some antarctic phycobionts show consider-
able growth at 20°C (Schofield and Ahmadjian 1972; Ocampo-
Friedmann 1984, personal communication.)

When the samples were exposed to various light intensities,
there was a linear response (0.01<p<0.02; r=-.951) (figure 2).
As under natural conditions, there is a steep light gradient in
the rock. This has a controlling effect on microbial photo-
synthetic activity. Nienow and Friedmann (1984) have shown
that light intensity in the colonized zone ranges between 102
and 10 of ambient light (photon flux density) at the rock
surface.

If for example, on a cloudless December day at noon, the
ambient light is about 1,800-2,000 microEinstein per square
meter per second, the light inside the rock in the colonized zone
would be about 0.2-20 microEinstein per square meter per
second. At the same time, temperature inside the rock is likely
to reach between 5° and 10°C (Friedmann 1977; Kappen, Fried-
mann, and Garty 1981; McKay and Friedmann in press). Under
such conditions, the photosynthetic rate would be between 0.01
to 0.1 milligrams of carbon fixed per hour per square meter.
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Figure 2. The effect of light intensity on the photosynthetic uptake of
H14CO, by the cryptoendolithic microbiota in vitro.

These values indicate that reasonable rates of metabolism are
likely to take place in nature.
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Yeast biomass in Ross Desert soils:
Evaluation of quantitation methods

and sample transport effects

H. S. VIsHNIAc

Department of Botany and Microbiology
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The soil microbiota of the Ross Desert (ice-free valleys of
southern Victoria Land) is understandably depauperate. The
sparsity of microbial populations has made it necessary to rely
heavily upon viable counts as an index of biomass but at the
same time has given rise to the suspicion that exogenous mi-
crobes were providing most, if not all, of the colonies counted.
Bacterial isolates have indeed been wholly or predominantly
mesophilic (Cameron 1971; Johnson, Madden, and Swafford
1978; Vishniac unpublished data). The few algal isolates from
soil have been tentatively identified with soil algae of other
climes or those of cryptoendolithic lichens (E.I. Friedmann and
R. 0. Friedmann, unpublished data). Yeasts which are both psy-
chrophilic and unique to Ross Desert soils have, however, been
isolated (Vishniac and Hempfling 1979). These yeasts provide
the best index of indigenous biomass currently available. This
study was an attempt to quantify yeast biomass in Ross Desert
soils and to determine whether this biomass changes between
the time of sample collection and examination of frozen soil
samples some months later.

Growth of mixed inoculum of indigenous yeasts in medium M-3C.
(shaken at 160 revolutions per minute in refrigerated water bath at
10°4 0: total count by absorbance at 650 nanometers •: total count
by colonies developing on spread plates of medium with 1.8 percent
agar, glucose substrate. Differential counts obtained by substitut-
ing appropriate substrates for glucose are indicated by the following
symbols:. = Cryptococcus socialis 3aYl/biotype 17; 0 = C. vis-
hniadll var. asocialis 30bY33/biotype 18; 7 = C. sp. (undescribed)
3aY86/biotype 19; A = C. consortionis 3aY92/biotype 20.
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Ross Desert collection sites

Location

Linnaeus Terrace, slightly west of Mount
Oliver

Mount Dido, east slope, under a small
lichenized rock (evidence of recent
snowfall)

Mount Dido, east slope, under highly
lichenized cliff

Dais, granitic eastern end

Tyrol Valley, eastern plateau

Tyrol Valley, eastern plateau

Linnaeus Terrace, near narrow dolerite dike

Linnaeus Terrace, less lichenized site just
below east end

Linnaeus Terrace, below richly lichenized
east end

University Valley, frozen glacial melt stream
bed

University Valley, dolerite talus on north
slope

University Valley, south slope

University Valley, between unweathered
sandstone boulders near edge of glacier

University Valley, midvalley among dolerite
and slightly weathered sandstone
boulders

Sample
number 

A834-50

A834-51

A834-52

A834-53

A834-55

A834-56

A834-57

A834-58

A834-59

A834-60

A834-61

A834-62

A834-63

A834-64

Total mass of subsamples used for sprinkle plates
Depth of	 (in grams)

soil sample
(in centimeters)	Used at	Hand-carried	Shipped to

McMurdo Station	to Oklahoma	Oklahoma

0-1
	

0.18
	

0.73
	 b

1-2
	

0.11
	

0.46
2-4
	

0.14
	

0.75

0-1
	

0.29
	

0.80
1-2 (permafrost)
	

0.39
	

1.15
	

0.61

0-1
	

0.15
	

1.07
1-2 (permafrost)
	

0.26
	

0.86

0-1
	

0.13
	

0.12
	

0.78

0-1
	

0.10
	

1.37

0-1
	

0.35
	

1.26
	

0.50

0.5-2
	

0.11
	

0.47
	

0.46

0.5-2
	

0.11
	

0.52

0.5-2
	

0.16
	

0.68	 0.62

Approximately	 0.25
	

1.03	 -
0-2

0-3
	

0.15
	

0.80	 -

0-3
	

0.13
	

0.53
	

0.75

1-2
	

0.11
	

0.48

1-3
	

0.17
	

0.62

o Not all 17 samples collected could be examined at McMurdo Station. This table lists only those samples examined at McMurdo.
b Not available.

Determining the biomass of yeasts indigenous to Ross Desert
soils has been difficult; such yeasts are not recoverable on con-
ventional yeast media, nor was every biotype quantitatively
recovered from media tailored to the apparent requirements of
the first isolates (Vishniac 1983). The isolation of yeasts from
three of the six sites examined by a non-quantitative enrichment
technique using the tailored medium suggested that yeast bio-
mass might be relatively high (Vishniac 1983). This possibility
was explored by examining soil samples (chosen for physical
similarity to previously fertile samples) collected from 17 sites
during the 1983-1984 austral summer, using a medium (M-3C)
which allowed growth at roughly equivalent maximum rates
(0.19-0.22 at 100 C) of the four indigenous biotypes isolated by
enrichment (figure). Medium M-3C contains glucose, 0.2 per-
cent; yeast extract, 0.01 percent; substitute sodium glutamate,
pH 6.0, 0.2 millimolar; substitute ammonium chloride 0.2 milli-
molar; potassium phosphate buffer, pH 6.0, 1.0 millimolar sub-
stitute magnesium sulfate 0.2 millimolar; substitute boric acid
50 micrograms per milliliter; potassium iodide, 10 micrograms
per milliliter; trace metal mixture (Vishniac and Santer 1957) 1.0
milliliter per liter; sodium chloride, 50 millimolar; Wickerham's
vitamin mixture (without folic acid) (from Phaff, Miller, and

Mrak 1978) at 1/io the recommended concentration. The soil
samples which were examined within 24 hours of collection,
after exposure to ambient temperatures only, are listed in the
table. Hand-carried subsamples kept frozen with small
amounts of dry ice and selected subsamples (indicated in the
table) shipped to Port Hueneme and transported subsequently
by commercial frozen foods carrier were examined twice later
(within 1 month and after 4 months) in Oklahoma. Un-
published data indicate that the number of microcolonies of
yeasts in soil samples stored at - 80°C after transport remains
unchanged for at least 2 years.

Soil samples were examined by sprinkling between 0.10 and
0.40 grams (depending upon soil texture) on the surface of solid
(1.8 percent agar) M-3C which had been spread with 0.375
milligrams of streptomycin sulfate and 2.5 milligrams of pen-
icillin C (in 0.1 milliliter of solution) just before use. Where
larger amounts are indicated in the table, the subsamples were
sprinkled in several petri dishes of medium. Media for use at
McMurdo Station were prepared in 25 square centimeter cant-
neck tissue culture flasks.

The samples from 14 sites examined at McMurdo Station were
expected to include approximately 7 from sites containing yeast
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microcolonies and at least 1 with a sufficient number of yeast
microcolonies to make possible statistically significant assess-
ment of transport effects as well as of yeast biomass in Ross
Desert soils. Seven out of 12 suitable sites from which shipped
samples had earlier been examined in my laboratory contained
at least one yeast microcolony per gram; two contained more
than 100 microcolonies per gram. Sample A834-53 did contain a
sufficient number of yeast microcolonies (an undescribed Ster-
igmatomyces sp.) to permit evaluation of transport effects. These
appear to be negligible. Yeast colonies appeared on A834-53 soil
grains at the following rates: McMurdo Station, 100 micro-
colonies per gram; hand-carried, 133 microcolonies per gram;
shipped (count defective because of bacterial growth), at least 44
microcolonies per gram. Only three other sites were fertile:
• A834-51 (1-2-centimeters depth)

• McMurdo Station subsample—i microcolony
• Subsample hand-carried to Oklahoma-0 microcolonies
• Subsample shipped to Oklahoma-2 microcolonies

• A834-57
• McMurdo Station subsample-0 microcolonies
• Subsample hand-carried to Oklahoma-0 microcolonies
• Subsample shipped to Oklahoma-1 microcolony

• A834-66 (University Valley, granular dolerite silt and clay
from dry drainage area near valley mouth. This sample was
not examined at McMurdo Station.)
• Subsample hand-carried to Okalhoma—i microcolony in

0.25 grams
• Subsample shipped to Oklahoma-1 microcolony in 0.3

grams
Isolates from these sites have not yet been identified but are
known to be psychrophilic yeasts.

The total of four yeast-containing sites in the 1983-1984 col-
lections lowers the overall fertility score of soils at least super-
ficially suited to the growth of indigenous yeasts to ii out of 29.
It should be emphasized that all of these soils would have been
considered yeastless, if not sterile, by previous investigators.

The yeasts which other investigators have reported from ant-
arctic sites were extremely rare in our collections—none has so
far been identified in any series of sprinkle plates. (One meso-
philic ascomycoteran yeast, however, appeared earlier among
isolates from one of the extremely fertile sites.) The fertile soils
of other investigators appear to have been most frequently
collected at less and and possibly less exposed sites. The aver-
age Ross Desert soil contains less than 1 microcolony per gram;
the most fertile on the order of 100 microcolonies per gram of
indigenous yeasts.

This work was supported by National Science Foundation
grant DPP 80-17581 to E.I. Friedmann and National Aeronautics
and Space Administration grant NAGW-26 to H.S. Vishniac. The
contribution of Polar Programs support personnel, particularly
to maintaining samples and cultures at appropriate tem-
peratures during transport, is gratefully acknowledged.
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Physiological adaptations to high
oxygen by heterotrophic bacteria from

Lake Hoare
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Blacksburg, Virginia 24061

For 5 years we have investigated physiological adaptations of
algae, consumer animals and bacteria which comprise the
planktonic or benthic attached mat communities of several
southern Victoria Land oasis lakes. Findings not elaborated in
previous issues of this journal include Simmons et al. (1983),
Mike!!, Parker, and Simmons (1983, 1984), Wharton, Parker, and
Simmons (1983), Seaburg and Parker (1983), Seaburg, Kaspar,

and Parker (1983), Parker and Wharton (in press), Parker and
Simmons (in press). In this final report, we shall address only
findings on physiological adaptations of heterotrophic bacteria
to the perpetual very high dissolved oxygen (HD0) levels within
these lakes.

A unique combination of three features has brought about
and perpetuated the HDO conditions within the shallower sub-
ice depths of these lakes: (1) the uncracked 4-6 meter thick
perennial ice covers which form barriers for diffusion of gases;
(2) the lack of mixing of the water columns which perpetuates
the physical, chemical, and biological stratification; and (3) the
physiologically low light-adapted, oxygen-producing photo-
synthetic algae. These three features largely are responsible for
the HDO conditions (greater than 42 milligrams of oxygen per
liter or greater than three times normal saturation) within these
oligotrophic lakes (Mikell et al. 1984; Parker and Simmons in
press; Parker and Wharton in press).

Because oxygen or its byproducts are known to be toxic or
inhibitory to all forms of life and because these lakes are essen-
tially the only known shallow depth perpetual HDO environ-
ments, we sought to determine whether the heterotrophic bac-
terial communities of these ecosystems were adapted phys-
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iologically for oxygen toxicity protection. Findings so far
include:

More than 106 per milliliter bacterial cells (0.3-1.0 micrometer
in size) occur in the plankton of Lake Hoare's HDO waters, as
determined by direct fluorescence counts (Mikell et al. 1984).
Larger bacteria (greater than 0.8 micrometer in size) occur in
oligotrophic, oxygen-saturated Mountain Lake, Virginia and
Lake Hoare benthic algal mats. Many Mountain Lake bac-
terioplankton are attached to detritus, while those of Lake
Hoare are comparatively free of detritus.

S In terms of carbon-14-glucose assimilation and respiration
rates, HDO is highly toxic to Mountain Lake bacterioplankton
(Mikell et al. 1983) and to dispersed or suspended Lake Hoare
mats, but HDO is not toxic to Lake Hoare bacterioplankton
(Mikell et al. 1984).

S Culture development of bacterial colonies which comprise
more than 1.0 percent of total counts for Lake Hoare bac-
terioplankton, is inhibited probably because of artificial sub-
strate enrichment (Mikell et al. 1984).
Thus, oxygen toxicity which is generally widespread in the

biosphere would seem to be surprisingly reduced in the bac-
terioplankton of Lake Hoare, an environment characterized by
oligotrophic HDO conditions.

The mechanism(s) for this extreme adaptation of oxygen tox-
icity protection in Lake Hoare's bacterioplankton is (are) un-
known, but several probable mechanisms are presently under
investigation. They relate to (1) the nature of oligotrophy, (2)
certain protective enzymes, (3) exocellular polymers, and/or (4)
certain carotenoids.

Oligotrophy. Nutrient scarcity, by reducing oxygen consump-
tion, may limit the formation of toxic byproducts and prevent
them from reaching growth-inhibiting levels (Kuznetsov, Du-
binina, and Lapteva 1979). We have demonstrated higher HDO
growth rates in the planktonic isolates as nutrients are lowered
from 10,000 to 100 milligrams per liter. Turbidity is below detec-
tion at lower nutrient levels, so we are developing other biomass
indicators to measure HDO growth rates from 100 to 1 milligrams
nutrient concentrations.

Enzymes. All isolates from Lake Hoare have catalase which
degrades toxic peroxide. The several isolates tested from this
lake have inducible superoxide dismutase (SOD) which de-
grades superoxide (McCord and Fridovich 1969). We are cur-
rently evaluating SOD levels in several HDO selected isolates. The
type(s) of SOD present and their activities under HDO and nor-
mal atmospheric dissolved oxygen (ADO) conditions will be
sought.

Exocellular polymers. One mat isolate tested shows higher
sedimentation rates when grown under HDO compared to ADO.
Exocellular carbohydrate comprised a significantly higher per-
centage of total cell mass in the HDO cultures. This supports our
hypothesis that diffusion limitation by exocellular polymers is
another mechanism for HDO protection (Mikell et al. 1984).
Other mat isolates are being evaluated as well.

Carotenoids. Best known as photoreceptor pigments in photo-
synthetic organisms, some carotenoids can quench singlet oxy-
gen, a form of high-energy oxygen that induces photo-oxidative
death (Krinsky 1979, Pearl, Tucker, and Bland 1983). While this
mechanism may not be anticipated in low-light environments,
all of our HDO-selected isolates produce copious quantities of
carotenoids. Carotenoids may trap other oxygen-induced radi-
cals as well (Burton and Ingold 1984).Several of the purified
carotenoids demonstrate reactivity with oxygen which is rever-
sible with selected reducing agents. Products and reactants of

these carotenoids are being analyzed by mass spectrometry. We
have several mutants of the HDO-selected isolates that lack one
or more of the carotenoids, and we are evaluating the effect of
HDO on their growth rates compared to the parent strains.

In conclusion, the Lake Hoare bacteria are extraordinarily
well-adapted to metabolism and growth under the unusual
perpetual HDO conditions. Evidence suggests that one or a
combination of mechanisms are operating for oxygen toxicity
protection. These include (1) the perpetual oligotrophic condi-
tions slowly substrate catabolism; (2) the enzymes catalase and
SOD which would destroy certain toxic oxygen byproducts; (3)
production of exocellular polymers which bind cells together in
the benthic mat and slow the diffusison of oxygen into cells; and
(4) various carotenoids which may deactivate toxic oxygen by-
products. The heterotrophic bacteria of Lake Hoare, thus
provide a unique model for the study of oxygen toxicity protec-
tion mechanisms, which are, without doubt, applicable
throughout the biosphere.

We thank the Division of Polar Programs, National Science
Foundation, for research grant DPI' 80-12988 Supplement,
which supported part of this research.
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One of the objectives of our work in the Taylor Valley during
the 1982-1983 field season was to study the chemistry of nu-
trient species (total and dissolved phosphorus, nitrate, nitrite,
and ammonia) in Lakes Fryxell and Hoare and in the overland
glacial meltwater streams that feed them. The nutrient chemis-
try of Lake Fryxell has received some attention in the literature
(Parker et al. 1982a; Parker et al. 1982b; Toni et al. 1975; Vincent
1981) but Lake Hoare and the meltstreams that feed each lake
have received virtually none. The present study was under-
taken as part of a systethatic effort to characterize nutrient
behavior in Lakes Fryxell and Hoare to determine (1) the depth
vs. concentration profiles for nutrients in both lakes; (2) the
annual loading of each nutrient to the lakes from the meltwater
streams and from direct glacial runoff; (3) the residence time
(the average time in years an element spends in the water
column) for each nutrient; and finally, to attempt (4) to explain
why these two nearby lakes (on the east and west edges of the
Canada glacier) exhibit such marked productivity differences.

This paper should be read as a preliminary report on nutrient
distributions in these two systems.

Materials and Methods. Lake Hoare was sampled for nutrients
from a dive hole located over the deepest area on 19 November
1982. An acid-washed 3 liter plastic Kemmerer sampler was
used to collect water at 3-meter intervals from the ice surface
down to 29 meters. Samples were taken in acid-washed 1 liter
Nalgene bottles. Partitioning of phosphorus into dissolved and
total fractions was accomplished by pressure filtration through
acid-washed 0.45 micron pore size Millipore filters in a polycar-
bonate filtration apparatus. The samples were stored frozen in
the dark until analysis.

Lake Fryxell was sampled in December 1982. This time, sam-
ples were collected using a Barnant centrifugal pump. Filtration
was accomplished with the placement of a 0.45 micron pore size
Millipore filter (in an appropriate Millipore casing) in the
flowstream of the pump. The samples were frozen in the dark to
- 20°C upon return to the Eklund Laboratory. Water from the
meltstreams was collected in identical bottles, with only a sur-
face grab sample taken. Filtration, when attempted, was accom-
plished on site.

Total and dissolved phosphorus was determined using the
method of Strickland and Parsons (1972). Standard methods of
analysis (APHA 1975) were used to determine nitrite, nitrate
(cadmium reduction method), and ammonia (phenate method).

Lakes Hoare and Fryxell are shown in the figure.
Lake Hoare. Table 1 presents data from Lake Hoare and se-

lected data from the two streams feeding the lake. In the lake,
dissolved ortho-phosphate (the fraction available to producers)
remains relatively low until the anoxic zone is reached at 27

Location of streams in the Lake Hoare and Lake Fryxell systems.
(Adapted from Elston and Bressler 1981.)

meters. At 27 and 29 meters, increasingly reducing conditions
apparently promote the resolubilization and release of phos-
phorus from its solid phases; the concentration of dissolved
ortho-phosphate, as well as its percentage of the total fraction
increase at these depths. Total phosphorus also remains rela-
tively constant in the water column, displaying a large change in
concentration only at 27 meters.

Table 1 also presents the atomic ratios of nitrogen to phos-
phorus (NIP) in the water column. Vollenweider (1968) reports
an atomic N/P ratio of 10:1 in algal cells, and this can be taken as a
rough index of algal nutrient requirements. Ratios of available
water column nutrients greater than about 10:1 suggest that
phosphorus maybe limiting, whereas ratios less than 10:1 indi-
cate growth limitation by nitrogen. In the upper-waters of Lake
Hoare, nitrogen is limiting down to at least 9 meters, but below
this depth atomic nitrogen greatly exceeds atomic phosphorus
and phosphorus becomes (by the above criterion) limiting to 27
meters. With the resolubilization of phosphorus in the reducing
zone, however, phosphorus is released and nitrogen again be-
comes limiting.

This phenomenon of phosphorus limitation at mid-depth is
possibly due to the nitrification of diffusional ammonia from the
anoxic zone in the presence of oxygenated water and certain

Table 1. Nutrient concentrations for the Lake Hoare systema

Sample Total Dissolved	
(N 

\b

PO4-P P-PO4-P NO3-N NO2-N NH3-N

	

Lake Hoare 3	5.0	2.5	2.5	 0.6	2.8

	

6	60	2.5	3.0	 1.8	4.2

	

9	67	1.5	1.0	 1.1	3.3

	

12	85	1.8	 0.4

	

15	71	4.8	45	 0.2 21

	

18	65	1.8	36	 0.1	44

	

21	56	2.1	48	 1.4	51

	

24	46	 87	 1.4

	

27	198	116	n.d.c	270	5.2
29 516	440	nd.	579	2.9

	

Creek 1, 12121	44	 36	 1.8

	

Creek 1, 12/31	40	 29	 1.6

	

Creek 2, 12/22	6.3	 6.8	 2.4

a In micrograms per liter.
b Ratio of ug-at. dissolved nitrogen to ug-atoms dissolved O-PO4-P

"nd." denotes not detectable.
"-" denotes no data.
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nitrifying bacteria. This process makes nitrogen more available
in the 12-24-meter zone where Parker et al. (1982-a) have re-
ported higher chlorophyll a concentrations. Thus, in the depths
of greatest potential productivity, phosphorus is the limiting
nutrient in Lake Hoare. This phosphorus limitation is in con-
trast to the Lake Hoare inflow streams (table 1) which, based on
limited dissolved phosphorus data, appear to be strongly nitro-
gen limited. Total phosphorus concentrations in the oxic upper
lake are reflective of the concentrations found in the streams.

Lake Hoare streams. Nutrient fluxes to the lakes were deter-
mined from estimated yearly stream-flows and measured con-
centrations. Two overland streams make significant contribu-
tions to the Lake Hoare water and nutrient budgets, and each
was sampled intermittently throughout the flow season. The
instantaneous and total yearly flow of these streams were esti-
mated using a weir on the larger of the two streams (creek 1) and
a pygmy flow meter on the smaller (creek 2). Table 2 sum-
marizes the annual input of nutrients from these streams and
from the Canada glacier, based on average concentrations and
total flow. Annual loadings (in grams of nutrient per square
meter of lake surface) are very low for all nutrients. Indeed, in
comparing total phosphorus and nitrogen areal loading in these
lakes to the over 200 lakes reported by Rast and Lee (1978), the
Lake Hoare system exhibits lower loadings for phosphorus and
nitrogen than any of these. This is reflected in the system's very
low productivity-among dry valley lakes, only Lake Vanda in
Wright Valley exhibits lower productivity (Simmons et al. 1980).
Unlike Lake Vanda, however, the inflow streams to Lake Hoare
and a large fraction of the lake's water column are N-limited.

Lake Fryxell streams. Table 3 shows the annual contribution of
nutrients to Lake Fryxeliby each of its inflows. Areal loading for
each nutrient is again extremely low in comparison to the lakes
studied by Rast and Lee (1978).

Total phosphorus loading (in grams per square meter) for
Lake Fryxell is higher than it is for Lake Hoare (0.012 grams per
square meter in Fryxell vs. 0.005 grams per square meter in
Hoare). In contrast, nitrate-nitrogen loading per square meter is
lower in Lake Fryxell (0.003 grams per square meter in Fryxell
vs. 0.006 in Hoare). This low nitrogen loading appears to have
significantly influenced the lakes' nutrient chemistry, since
Lake Fryxell is strongly nitrogen limited at all depths. Nitrogen
also appears to be the limiting nutrient in all of the Fryxell
streams.

Lake Fryxell. Nitrate in Lake Fryxell was observed at
piezometric 3 meters but was not detectable below that depth.
Nitrite was not detectable until 9 meters. Total and dissolved

Table 2. Summary of nutrient inputs to Lake Hoare
1982-1983 Flow Season

Total annual Total phosphorus	NO3-N loading
flow	loading	(in kilograms

(in kilograms	per year)(in liters)	per year)

Creek 1	1.1 x 108	6.5	 4.6
Creek 2	5.5 x 107	0.69	 0.25
Canada Glacier	3.4 x 1011	3.3	 6.4

Total loading	5.05 x 108	10.5	 11.3
Areal loading

(in grams per
square meter)	 0.005	0.0069

Table 3. Summary of annual nutrient inputs' to Lake Fryxell'

Annualnnual
Annual total	

dissolved	Annual
Creek	flow	 ortho-phosphate	nitrate

phosphorus(in liters)	loading	
phosphorus	loading

loading

3	4.2 x 108	38.7	10.9	9.8
4	4.0 x 108	3.4	 0.7	2.8
5	2.5 x 108	15.7	 3.7	0.2
6	 1.4 x 108	7.1	 1.7	8.8
7	 1.4 x 108	12.2	 2.3	0.0
8	0.8 x 108	1.76	0.5	0.2
9	0.6 x 108	2.0	 1.3	0.4

10	 0.6 x 108	2.3	 0.4	0.7
11	 0.3 x 108	1.9	 -	0.1

Total loading	1.6 x 108	84.0	21.5	23.0

Areal loading
(in grams
per square
meter)	 (0.012)	(0.003)	(0.003)

a Based on estimated annual discharge and on average nutrient
concentrations.

phosphorus increased with depth, with total phosphorus in-
creasing rapidly after 9 meters. The values are presented in
table 4 and agree with those reported by Toni et al. (1975).
Possible factors contributing to nitrogen limitation in Lake Fryx-
ell are the low quantity of nitrate in the inflowing streams and
the importance of nitrogen removal by escaping algal mats.
According to Parker et al. (1982-b) escaping algal mats remove
55 kilograms of nitrogen per year and only 31 kilograms of
phosphorus.

Present and future work. We are currently estimating the total
amount (in kilograms) of each nutrient species in the lakes by

Table 4. Nutrient concentrations in the Lake Fryxell system'

Total DissolvedSample	PO4-P O-PO 4-P NO3-N NO2-N NH3-N ()

Lake Fryxell 3	3.1	2.3	3.1	n.d.c	1.8 4.90
6	26.6	6.0	nd.	nd.	7.0 2.60
9	169.0	170.0	nd.	1.2	487.0 6.60

12	521.0	515.0	nd.	2.3	1,439.0 6.40
15	1,960.0	700.0	nd.	5.4	3,079.0 3.60

Stream 3, 1/13d	132.0	26.0	26.0	_e	-	2.30
Stream 4, 12/3	10.0	2.3	1.6	-	-	1.60
Stream 5, 12/22	85.7	14.7	nd.	-	-	0.00
Stream 6, 12/3	31.0	12.2	36.7	-	-	6.90
Stream 7, 12/22	83.0	16.7	nd.	-	-	0.00
Stream 8, 1/13	23.6	8.9	nd.	-	-	1.20
Stream 9, 1/13	34.8	21.3	nd.	-	-	0.78
Stream 10, 12/22	49.4	6.9	3.0	-	-	2.30

a In micrograms per liter.
b Ratio of J.g-at. dissolved nitrogen to p.g-at. dissolved phosphorus.

"nd." denotes not detected.
Stream concentrations represent single measurements on the data
indicated.

denotes no analysis performed.
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combining our raw concentration data with depth adjusted
estimates of water body volume. In conjunction with loading
estimates, we will then estimate nutrient residence times, to
gain some sense of nitrogen and phosphorus dynamics in these
lakes.

Work in the future will center on modeling of diffusion pro-
cesses for nutrients within the lakes. Specifically, we will be
looking at the rate of diffusion of ammonia into the upper waters
of Lake Fryxell and its conversion to available (and limiting)
nitrate. This will permit comparison of internal versus external
loading and will further aid in determining why this lake is
more productive than its oligotrophic neighbor, Lake Hoare.

We wish to thank George Simmons and his students for their
assistance and companionship in the field; and VXE-6 for effi-
cient logistics support. We gratefully acknowledge the support
of National Science Foundation grant DPP 81-17644.
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Field operations started on 14 December 1983 and were con-
cluded on 25 March 1984; Stan Scott and Miho Toi worked as
field assistants during the entire time. Arthur Harbor opera-
lions were again supported from Palmer Station and the Ant-
arctic Peninsula operations by RIv Hero. Two sites were visited
with the French yacht f'Murr (homeport, Brest).

The following sites were sampled during the 1983-1984 sum-
mer: Anchorage and Horseshoe Islands; Goudier Island; Minot
Point, Cape Claude, Metchnikoff Point, and Buls Bay on Bra-
bant Island; Melchior Islands; Spigot Peak on Danco Coast;
Keller Point, Point Thomas, Fildes Peninsula, Suffield Point,
Demay Point, and Point Durant on King George Island, and
Ardley Island, South Shetland Islands; Santos Peak, Leith Cove
and Spring Point on Danco Coast: Quinton and Giard Points,
Cape Monaco, Biscoe Point, point north of Biscoe Point, and
several islands and points in Arthur Harbor area on Anvers

Island; Dream Island; Gossler Islands; Joubin Islands; Argen-
tine Islands; Almirante Brown Station (Argentina); and Bryde
Island. Sampling of plant communities and their environment
including some climatic variables and disturbance continued at
each site; many plots were permanently marked or revisited.

Samples of vascular plants, mosses, and lichens from many
additional localities along the Antarctic Peninsula were ob-
tained from Sally and Jerome Poncet, owners of the French
yacht Damien II (homeport, La Rochelle) who discovered the
new southernmost locality of the two native antarctic vascular
plants Deschampsia antarctica Desv. and Colobanthus quitensis
(Kunth) Bard. on Terra Firma Islands at 62°42'S in Marguerite
Bay on 16 February 1984. Both plants were growing vigorously
and reproduced well there in 1984 so that they could probably
occur farther south if suitable habitats were available (cf. Smith
1982). Altogether, twenty-four new localities of vascular plants
(14 for D. antarctica, 2 for C. quitensis, and 8 for both species)
were reported (Komarkova, S. Poncet, and J . Poncet in prepara-
tion) which brings the list of known vascular plant localities in
the Antarctic Peninsula area to 116 (figure 1). Damien II, with six
seasons of experience in the waters of the Antarctic Pensinula,
proved very efficient at work requiring frequent landings in
shallow waters near shore such as studies of plant or bird
distributions; it is available for charter for research purposes.

The most complete environmental monitoring was carried
out on the Stepping Stcne Island, Arthur Harbor area (64°S).
Plant and soil temperatures, soil moisture, photosynthetically
active radiation, wind speed, and precipitation were recorded
by a Campbell Scientific model CR21 micrologger and air tem-
perature and relative humidity were recorded by a hygrother-
mograph. Plant and soil temperature and soil moisture probes
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Figure 1. Localities of Deschampsia antarctica Desv. and Cob-
banthus quitensis (Kunth) Barti. in the Antarctic Peninsula area,
Including the localities listed by Greene and Holtom (1971). Full
circle indicates the presence of both species, left half-full circle the
presence of D. antarctica, and right halt-full circle the presence of C.
quitensis. The localities are grouped in the three least glaciated
areas: South Shetland Islands, area between Cierva Point and Cape
Garcia, and Marguerite Bay. D. antarctica alone occurs in 58 percent
of localities and C. quitensis alone in 3 percent of localities; both
species occur in 39 percent of localities. This reflects the consider-
ably wider ecological range of D. antarctica. The distribution of
vascular plants within ice-free areas may be determined, for exam-
ple, by the radiation receipts of the habitat, geologic substrate,
exposure to winds and storms, recent glacier movements, topogra-
phy, altitude, and by the animal and human disturbance
(Komarkova, S. Poncet, and J. Poncet in preparation).

were located in adjacent Deschampsia- and Colobanthus-domi-
nated communities where phenological changes and leaf and
plant growth were observed at regular intervals. Two periods of
soil drought developed at the Deschampsia site (figure 2). The
first drought occurred during a period of intensive leaf growth,
and was not associated with exceptional air relative humidity,
vapor pressure deficit, or wind speed. Die-back of both De-

schampsia and Colobanthus plants was observed, after both soil
drought periods (figure 3). Greatest die-back occurred on north-
facing rock ledges and other topographically high sites with
shallow soil.

The die-back due to desiccation occurred also on Biscoe Point
in the vicinity of Arthur Harbor, but not at Point Thomas, King
George Island (62°S), at the ecological optimum of the two

25	 I	 S	 15	 22	29	 5	 12	 19	 re	4	II

	December I	 January	 I	 February	 I	 March

Figure 2. Daily maximum soil moisture at 1 centimeter below the surface in the root zone of D. antarctica (solid line and C. quitensis (dashed
line). Soil moisture was measured with Delmhorst model 221 gypsum soil moisture blocks. Due to the nature of the polynomials used to convert
the volt output into bars, the range of calculated values is limited to 0.1-15.0 bars even if some voltages indicated values in excess of 15.0 bars
(arrows). Precipitation was measured by a Sierra-Misco model 2501 tipping bucket rain gauge recording the number of pulses indicating the
times at which 1 millimeter of water was collected. Two periods of soil drought developed, in each case after 11 days of no precipitation, between
15 and 19 January and 6 and 7 February 1984 on the Deschampsia site. The soil drought was associated with die-back of the monitored
Deschampsia tussock. The monitored Colobanthus cushion did not die-back during the drought while some nearby cushions did; apparently,
very small differences in the distribution of moist soil layers and of roots decided whether the plants experienced soil drought or not.
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Figure 3. D. antarctica tussock (left, 8 centimeters in diameter)
which died back during the first period of soil drought on Stepping
Stone Island between 16 and 19 January 1984. The light (rusty
brown) color of the tussock on the left contrasts with the dark green
color of the tussocks in a small depression on the right side of the
photograph. The amount of current dead phytomass reached 50-90
percent in the rusty brown plants; Inflorescences died only in plants
with the highest current dead percentage. Only very few live leaves
appeared at the time the photograph was taken (25 February 1984).
The recovery of tussocks and cushions, which died back less, was
faster; few tussocks and cushions did not recover at all In 1984.

vascular plants in the Antarctic Peninsula area. During the soil
droughts on Stepping Stone Island, the longest period with no
precipitation lasted only 5 days on Point Thomas. Apparently,
near their southern limits, vascular plants are not only stressed
by lower mean annual temperature (- 4°C in the Anvers Island
area vs. -3°C in the South Shetland Islands; Reynolds 1981),
but also by significantly greater environmental fluctuations of
the more continental climate in the south. The recorded soil
drought documents only one of several hypothesized events
which may produce large patches of dead plants which occur
in the southern stands; for example, plants may also be killed
by freeze up or, in topographically low positions, by persist-
ing snow or water logging (Komarkova, Scott, and Toi in
preparation).

This research was supported by National Science Foundation
grant DPP 82-01047. I would like to thank Captain P.J. Lenie, the
crews of the iIv Hero and U.S. Coast Guard boat Sea 3, and the
Palmer Station personnel for their great support.
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There is considerable evidence that rhinovirus infections may
spread with difficulty in healthy Western populations. [Rhi-
noviruses are the major cause of the common cold in adults, and
in children they may cause asthma and other serious respiratory
tract infections as well (Minor et al. 1974; Gwaltney 1982)]. As
examples, Beem (1969) reported that only 4 of 14 rhinovirus
types spread in 27 nursery school children; and we observed
that four of six rhinovirus types infected less than 25 percent of
antibody-free individuals among 100 persons in 25 neighboring
familes (Dick and Chesney, 1981). In these latter studies, it was
noted also that the viruses spread chiefly among family mem-
bers and very close neighbors (Dick, Blumer, and Evans 1967).

Transmission chains in such open populations are not,
however, "clean," in that several viruses often circulate simul-
taneously and a viral interference phenomenon may cause a
lasting cross-resistance among heterotypically infected individ-
uals. (Fleet et al. 1965; Dick and Chesney 1981). An ideal time
and location for studying virus transmission under circum-
stances where few agents are present simultaneously is the
winter-fly-in (wINFLY) period at McMurdo Station. At this time,
a group of new personnel from the U.S. lives in isolation for 5-6
weeks with another group of Americans which is just finishing
overwintering.

During WINFLY 1976, we examined the epidemiology of two
non-typable rhinoviruses, McM 4 and McM 88, in nearly all
inhabitants. One hundred thirty-six new arrivals [summer (Su)

men] shared McMurdo with 64 men who were overwintering
[winter-over (wo) men]. The su men had arrived chiefly on two
early September flights, and the combined populations were
isolated until 6 October (figure 1). Thirty-one of the su men had
incoming colds and at least seven were caused by McM 88 and
two by McM 4. During the remainder of WINFLY, 52 additional
colds were detected in 47 men and at least 18 of these colds were
McM 88-associated. No additional McM 4 cases were found.

Viral diagnosis was performed in a well equipped laboratory
bulding 56, figure 2) using conventional methods (Meschievitz,
Schultz, and Dick 1984). Viral etiology was established for only
30 of 91 infections: 28 McM 88 (including 3 subclinical serodiag-
nosed cases) and 2 McM 4. However, because of undiagnosable
colds (legend, figure 1), possible cell culture insensitivity, and
the reportedly poor rate of seroconversions by rhinovirus infec-
tees (Fox 1976), we estimate that approximately 15 McM 88
diagnoses were missed. Therefore, 50 percent of all colds were
probably McM 88-caused. In fact, during the period 10-25 Sep-
tember half the colds on base were McM 88 infections (figure 2).
Approximately 70 percent of the population was antibody-free
(less than 1:3) to each virus.	 -

Figure 1 describes each person-cold as part of the overall
epidemic curves. Two to three new colds arose each day, and on
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Figure 1. Number of new colds and of total colds by day and etiology,
McMurdo Station, 1976. Population: 200 men. Legend: (1) A cold =
any respiratory Illness lasting 2 days or longer. (2) An incoming cold
= a cold in su men which began less than five days after landing. (3)
An indigenous cold = a cold in wo men which was manifest on or
before 3 September. (4) An Antarctic cold = any new cold which
began 4 days after arrival (for su men) or after 3 September (for wo
men). (5) A diagnosable cold = a cold diagnosable for rhinoviruses
McM 4 or McM 88; the convalescent serum specimen had to be taken
at least 10 days after illness onset. Note most non-diagnosable
colds occurred after 24 September. (6) Total colds = colds present;
e.g., on 15 September, there were 30 colds: 16 of unknown cause,
one by McM 4 and 13 by McM 88. Note also that there were six new
antarctic colds that day, two of which were McM 88-caused.
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Figure 2. Location and uses of buildings at McMurdo Station during
WINFLY 1976. important buildings: 56 (Biology (and Virology) labora-
tory]; 125 (Civilian housing); 126 (Water Distillation plant); 136
(Power plant); 137 (Civilian housing); 142 (Dispensary); 155 (Main
housing and dining unit); 156 (Administration); 182 (Firehouse).
("in" denotes inch; "Co." denotes about; "ft." denotes ft."
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The antarctic cold (see legend figure 1) McM 88 attack rate
varied widely over the nine housing units (table). Five buildings
(182, 137, 126, 142, and the transmitter station) apparently had
no McM 88 infections, and the rate in building 155 was only 8
percent. The rates in the other three McM 88-infected units were
much higher, 21-43 percent, but many susceptibles still
remained.

It would appear that the epidemiologic and volunteer studies
cited at the onset of this paper which suggest rhinoviruses are
difficult to disseminate in North American urban populations
are borne out in the purer virologic atmosphere of Antarctica.

These investigations were supported in part by National Sci-
ence Foundation grant DPP 76-83918, National Aeronautics and
Space Administration grant NSG-2104, and a grant by the S.C.
Johnson, Co., Racine, Wisconsin.
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Overall incidence of colds and of McM 88 infectiona in the several living quarters, McMurdo Station, Antarctica, WINFLY, 1976

Building 155 (Main
living unit)
	

137
	

23 (17%)
	

34 (25%)
	57 (42%)	5 (4%)	11 (8%)	16 (12%)8

Building 136 (Power
plant)
	

14
	

7 (50%)
	

8 (57%)
	

15 (107%)
	

1 (7%)	3 (21%)	4 (29%)
Building 125 (Civilian

housing)
	

14
	

3 (21%)
	

6 (43%)
	9 (64%)	1 (7%)	4 (29%)	5 (36%)

Building 182
(Firehouse)
	

10
	 0	 1 (10%)

	
1 (10%)
	

0	 0	 0
Building 137 (Civilian

housing)
	

8
	

2 (25%)
	2 (25%)	4 (50%)

	
0
	

0
	

0
Williams Field
	

7
	 0	 3 (43%)

	3 (43%)	0
	

3 (43%)
	3 (43%)&

Building 126 (Water
distillation plant)
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0
	 0	 0

	
0
	

0
	

0
Transmitter station	 3

	 1 (33%)C	0	 1 (33%)
	

0
	

0
	

0
Building 142

(Dispensary)
	

2
	

0
	

1 (50%)
	

0
	

0
	 0

Totals	 200	36 (18%)
	

55 (27%)
	

91 (46%)
	

7 (3.5%)
	21 (10.5%)	28 (14%)

a There were three subclinical McM 88 infections: one each, in building 155, building 125, and Williams Field. They are counted as antarctic colds.
I See legend for figure 1 for definitions of these terms. Four indigenous colds were in the power plant and one in building 155.

One incoming McM 4 cold each occurred in building 155 and the transmitter station.
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Recovery of herpes virus type 1 from
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Previous work at South Pole station has shown that upper
respiratory tract infections (RTI) occur during the 8 1/2 months of
winter isolation, usually several months after the station is
closed to outside traffic, and long after the accepted incubation
period for most human upper respiratory viruses (Muchmore,
Parkinson, and Scott 1983). By virus isolation and serologic test-
ing of specimens collected from symptomatic and asympto-
matic subjects during the winter at South Pole Station, para-
influenza viruses 1 and 3 (Muchmore et al. 1979), and a rhi-
novirus (Parkinson, Muchmore, and Scott, Antarctic Journal,
this issue) have been implicated as etiologic agents of these
midwinter RTI outbreaks.

In 1983 cell cultures were again maintained throughout the
winter at South Pole Station to recover persisting human respi-
ratory viruses that may be the etiologic agent(s) causing the
midwinter episodes of RTI. Nineteen of the 20 winter personnel
volunteered to participate in the project. Throat swabs and
serum were collected initially at the Orientation Conference in
Washington, D.C. in September 1982 and each month while
paticipants were present at South Pole Station. Five cell lines
were maintained throughout during the year including MDCK,
LLC—MK2, HeLa, HEp-2, and MRC-5. Throat swabs were
swirled in 1.5 milliliter Hanks-balanced salt solution with 0.5
percent gelatin, and inoculated into duplicate cell cultures as
soon as possible, usually within 1 to 4 hours after obtaining
the swab. Cultures were observed daily for cytopathic effect
and tested for hemadsorption periodically before terminating
at 21 days. Viral agents were identified using commercial
fluorescein-conjugated specific antisera. Serum samples were
frozen at - 70°C during the winter, transported in dry-ice to the
home laboratory, and tested for antibody by virus neutraliza-
tion tests.

RTI's observed among the wintering personnel are recorded
in the figure. Several RTI's occurred after orientation in Sep-
tember 1982, but specimens were not collected from these sub-
jects. After opening of the South Pole Station on 6 November
1982, mild to moderate RTI's were seen in several departing 1982
wintering, 1982-1983 summer, and new 1983 wintering person-
nel. The station began winter operations 6 February 1983, re-
sulting in total isolation for 8 1/2 months. Two RTI's were noted
during the winter. One beginning 7 April with symptoms of
headache, sore throat, and malaise, and the other with more
severe sore throat, with coryza and cough, occurred 1 week
after the midwinter air-drop 21 June. Eight subjects reported
sore throats at various times throughout the winter. Two indi-
viduals reported a sore throat in February after winter opera-
tions began, two subjects in June, one in July, one in August,
and two 1 week prior to the station's beginning summer opera-
tions in November. Four isolates of herpes virus were made in
MRC-5 cells. All were typed by fluorescein-conjugated mono-
clonal antibody and were found to be herpes simplex virus type
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Respiratory tract symptoms of, and virus isolations from, subjects
wintering at South Pole Station during 1983. ("RTI" denotes respira-
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1 (HSV-1). Two of these isolates were made from the same
individual, (February and August isolates), who reported no RTI

symptoms during the winter period, but developed cold sores
on both occasions 1 week following specimen collection and
virus isolation. Two HSV-1 isolates were obtained from person-
nel with respiratory symptoms, one from a subject with a sore
throat (February isolate) and one isolate from a subject with
short-duration (i.e., less than 24 hours) "flu-like" symptoms in
May. These symptoms were thought to be due to the inhalation
of fumes from a blow-torch and not of viral origin. All subjects
from whom the virus was isolated reported histories of recur-
rent oral herpetic lesions. Four additional subjects experienced
cold sores, but not RTI symptoms, at intervals during the winter
isolation period. No virus was recovered from throat swabs of
these individuals, and the lesions were not cultured. No other
cytopathic or hemadsorbing viruses were recovered from spec-
imens collected during the 1983 winter. Of the 19 participants,
12 (63 percent) had detectable neutralizing antibody to HSV-1.
All individuals possessed neutralizing antibody to para-
influenza virus types 2 and 3. The individual who reported the
RTi in April had a four-fold rise in antibody to parainfluenza
virus type 2, suggesting a recent infection. However, without
virus isolation, the specificity of this response cannot be
confirmed.

Although upper respiratory infections again occurred during
the winter of 1983 at South Pole Station, they appeared to be
limited to a few individuals and with little evidence of horizon-
tal transmission. No viral agents could be identified con-
clusively as the etiologic agents of these illnesses. HSV-1 has

been shown to be a persistent infection of man, causing recur-
rent oral herpetic lesions, and although this virus has also been
implicated as a cause of RTI's in young adults (Glezen, Fernald,
and Lohr 1975; Lindgren, Douglas, and Couch 1968), HSV-1 did
not appear to be clearly related to the RTI's observed during the
1983 winter at South Pole.

This work has been supported by National Science Founda-
tion grant DPP 80-20092, the Oklahoma Medical Research Foun-
dation, and the Research Service of the Veterans Administra-
tion, Oklahoma City, Oklahoma.
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Rhinovirus respiratory tract infections
during isolation at South Pole Station
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Episodes of respiratory tract infections (RhI) occurred among
the 17 personnel wintering at South Pole Station during 1981
(figure). One subject (subject 13) reported an RTI 10 March 1981,
4 weeks after station closing and the beginning of the winter
isolation period. A second subject (subject 1) reported two
separate RTI'S, one beginning 6 April and a second beginning 27
April 1981. Another episode of RTI's began 23 July, 4 weeks after
the 1981 midwinter air-drop, and involved two subjects (sub-
jects 3 and 5). Symptoms varied from mild—including sore
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RTI 0	 MONTHS

Numbers of respiratory tract infections (RTI) reported during
1980-1981 at South Pole Station.
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throat and nasal congestion lasting less then 2 days (subjects 3
and 13)—to moderate—including initial sore throat, nasal con-
gestion, coryza, and malaise lasting from 4 to 6 days (subjects 1
and 5).

Throat swabs were collected from only the few subjects with
symptoms. These swabs were frozen in a virus transport medi-
um consisting of Hanks balanced salts solution with 0.5 percent
gelatin added and were stored at - 70°C for the duration of the
winter. Serum specimens were collected monthly from all vol-
unteer subjects. These were also stored at - 70°C throughout
the winter period.

After station opening on 1 November 1981, the throat swabs
were inoculated into semicontinuous (MRC-5) and continuous
(Hep-2, Hela M, LLC-MK2, and MDCK) cell cultures for virus
isolation. A virus producing cytopathic effect in MRC-5 cells
only was recovered from subject 5 from a specimen collected 27
July 1981, 4 days after the onset of symptoms. The virus was
grown to high titer, lyophilized, and shipped to the U.S. in dry
ice. The virus was subsequently shown, by M.K. Cooney, De-
partment of Pathobiology, University of Washington, Seattle,
Washington to be equally neutralized by monotypic antisera
prepared against rhinovirus prototype viruses 28 and 53. No
other cytopathic or hemadsorbing viruses were recovered from
acute specimens collected during the 1981 winter.

Serum neutralization assays were carried out using standard
methods (Lennette and Schmidt 1979), to determine the rhi-
novirus 28/53 specific antibody levels in sera collected throughout
the year from all volunteer subjects. The person from whom the
rhinovirus was recovered (subject 5), demonstrated a sustained
serologic response when the acute serum antibody titer (July
1981, less than 2) was compared to convalescent serum anti-
body titers (August 1981, 32) (table 1), confirming rhinovirus
28/53to be the etiologic agent of this RTI which occurred 25 weeks
after station closing. Additional serologic responses to rhi-
novirus 28/53 were detected in asymptomatic subjects (subjects 1,
9, 10, and 12-15) both during the austral summer prior to station
closing, and periodically throughout the winter isolation
period. Serum neutralization titers to human para-
influenzavirus type 3 were also determined on all subjects (table
2), and a significant serologic response was demonstrated in
one symptomatic subject (subject 1) following his RTI which

occurred in April. In addition serologic responses were demon-
strated in asymptomatic subjects prior to and during the winter
isolation period. No antibody response by any subject was
detected by neutralization assays to parainfluenzavirus type 2.
While the observed serologic responses suggest infection by
parainfluenzavirus type 3, the absence of virus isolation does
not allow confirmation.

While human parainfluenzaviruses have been implicated as
etiologic agents of mid-isolation Rh's at South Pole Station in
1976 (Muchmore et al. 1978) and 1978 (Muchmore et al. 1979),
this is the first time a rhinovirus has recovered from any subject
during the winter at South Pole Station. The origin of rhinovirus
28/53 within this community is unknown. Other rhinovirus types
and parainfluenzaviruses types 1 and 3 have been recovered
frequently during the outbreaks of RTI which occur during the
austral summer seasons each year at McMurdo and South Pole
Stations (Parkinson et al. 1976; Parkinson, Muchmore, and Scott
1979; Meschievitz et al. 1982). The presence of serologic re-
sponses in South Pole Station subjects to both parainflu-
enzavirus type 3 and rhinovirus 28/s during the 1980-1981 aus-
tral summer, suggests the presence of these viruses within this
community before the station closed for the winter in February
1981. While prolonged survival of rhinovirus within the indoor
station environment is unlikely, long-term virus survival in the
cold, dry outdoor south polar environment or the introduction
of rhinovirus type 28/53 to this community during the 22 June
midwinter air-drop cannot be excluded. However, the presence
of antibody, together with specific serologic responses to rhi-
novirus 28/53 among asymptomatic subjects after station closing
and before the midwinter air-drop, suggests survival and per-
sistence of virus within this community by person-to-person
transmission of asymptomatic infection.

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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Table 1. Geometric mean neutralization titers of subjects with serologic responses to rhinovirus type 28/53 from November 1980 through
October 1981 and September 1982

Austral summer	 Winter isolation
Subject	11/80	12/80	1/81	2/81	3/81	4/81	5/81	6/81	7/81	8/81	9/81	10/81	9/82
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Table 2. Geometric mean neutralization titers of subjects with serologic responses to parainfluenzavirus type 3 from
November 1980 through October 1981

Austral summer	 Winter isolation
Subject	11/80	12/80	1/81	2/81	3/81	4/81	5/81	6/81	7/81	8/81	9/81	10/81
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160
160
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120
80

240
80

320	240
120	160
40	160b

240	120
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20	120
320	320

20	160
60	120
-	40

60a	240	960	240
160	120	480	80
80	80	240	120
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320	80	640	320

60	60	480	40
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80	60	120	60
60	60	80	320
40	40	40	160
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a Respiratory tract infection.
b The underlined numbers indicate a change in titer fourfold (two tubes) or greater.
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Lower atmosphere studies

Antarctic automatic weather stations,
austral summer 1983-1984
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The automatic weather stations (Aws) measure air tem-
perature, air pressure, wind speed, and wind direction at a
nominal height of 3 meters under the control of a microcom-
puter. The data are transmitted to the Argos system on the
National Oceanic and Atmospheric Administration's (NOAA) 7
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Figure 1. The vertical temperature difference between 3.0 meters
and 0.5 meters (Delta T), air temperature, wind direction, and wind
speed as a function of Greenwich mean time (GMT) on the Ross Ice
Shelf near Cape Crozier, Ross Island, Antarctica.

and 8 polar orbiting satellites for later retrieval (Stearns and
Savage 1981; Stearns 1982; Stearns and Weidner 1983).

Seven complete and eight partial AWS units were constructed
during the summer of 1983. The partial AWS units, which in-
clude the computer and interface board, are completed by the
pressure gauge and transmitter systems from AWS units that
need either repairs or conversion from 6-volt direct current
(vDc) to 12-vDc power.

Changes were made in the read-only-memory (Rom) so that
four previous wind speeds and direction are transmitted in-
stead of mean values. Thus, five values of the pressure, tem-
perature, wind speed, and wind direction at 10-minute inter-
vals are transmitted every 200 seconds. In addition, provision
was made to transmit three values each of two additional mea-
surements (Stearns and Weidner 1984).

The addition of relative humdiity and vertical air temperature
difference measurements required an additional amplifier for
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Figure 2. Relative humidity, air temperature, wind direction, and

wind speed as a function of Greenwich mean time (GMT) on the Ross

ice Shelf near White Island, Antarctica.
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each. The Intersil 7605 was used with a gain of 20 for the Vaisala	The AWS unit at Dome C had stopped transmitting 31 January
relative humidity sensor and a gain of 830 for the thermocouple	1983 (Stearns and Weidner 1983) and needed to be replaced
used to measure the vertical air temperature difference between	because the data are crucial to the katabatic wind study of G.
0.5 meters and 3.0 meters.	 Wendler of the University of Alaska. The AWS unit at Siple was

The table gives the location, start date, and status of all AWS	selected as the Dome C replacement. A 12-vDc battery powered
units as of 30 May 1984.	 unit was then installed at Siple so that data transmissions would

Automatic weather stations, Antarctica

Geographic	 Elevation
Identification	location	Latitude	Longitude	(in meters)	Start date	Status as of 30 May 1984

8900	0-80
	

70.020S	134.720E
	

2,500	14/1/83
	

Data from this unit have not been received for
some time thus the identification number may
be used for another unit.

8901	 D-10
	

66.700S	139-800E
	

240	15/1/84
	

Unit is operating satisfactorily.a
8902 Rothera Point Unit is to be returned to Madison for repairs. it will

be redeployed in austral summer 1984-1985
by the British Antarctic Survey.

8903
	

Byrd Subglacial
	

80.00°S
	

120.00°W
	

1,530
	

2/80
	

Unit is operating satisfactorily.
Basin

8904
	

Dome C
	

74.50°S
	

1 23.00°E
	

3,280
	

13/1/84
	

Unit is operating satisfactorily.
8905
	

Minna Bluff
	

78.77°S
	

166.850E
	

74
	

25/11/80
	

Unit is operating satisfactorily.
8906
	

Marble Point
	

77.430S
	

163.750E
	

121
	

2/80
	

Unit is operating satisfactorily.
8907
	

Ross ice	78.02°S
	

170.800E
	

44
	

10/12/80
	

Unit is operating satisfactorily.
8908B 	Cape Crozier	77.55°S

	
170.090E
	

27
	

14/1/84
	

Unit is operating satisfactorily. Unit has relative
humidity and temperature difference detector.

8909B
	

Arrival Heights	77.90°S
	

166.72°E
	

200?
	

24/1/84
	

Unit is operating satisfactorily. Unit has relative
humidity and temperature difference detector.

8910B
	

Siple Station	75.90°S
	

84.30°W
	

900
	

26/11/83
	

Unit is operating satisfactorily.
8911B
	

White island
	779505	166.17°E

	
25?
	

23/1/84
	

Unit is operating satisfactorily. Unit has relative
humidity and temperature difference detector.

8912
	

Larsen Ice	67.00°S
	

60.47°W
	

50?
	

7/2/83
	

Unit is transmitting incorrect data.
8913
	

Franklin island
	

76.24°S
	

168.660E
	

274
	

23/1/82
	

Unit is operating satisfactorily.
8914B D-47 67.38°S 138.720E 1,560 10/1/84 Unit was completely replaced in austral summer

1983-1984. The returned parts will be used for
AWS 8924 and 8925. Unit is operating satisfac-
torily.

8915	Ross Ice	78.520S	170.180E
	

52
	

4/12/80
	

Unit is operating satisfactorily.
8916B D-57 68.180S 137.520E 2,103 6/1/84 Unit was completely replaced in austral summer

1983-1984. The returned parts will be used for
AWS 8924 and 8925. Unit is operating satisfac-
torily.

8917 Rothera Point Unit is to be returned to Madison for repairs. it will
be redeployed in austral summer 1984-1985
by the British Antarctic Survey.

8918	Windless Bight	77.750S	167.670E
	

39	9/2/83
	

Unit is operating satisfactorily.
8919 Spine 67.650S 66.07°W 1,540 9/3/83 Data are good, but the wind speed is zero and the

wind direction is constant. Unit is operating sat-
isfactorily.

8920	Madison	 Unit is ready for redeployment in austral summer
1984-1985 by the British Antarctic Survey.

8921B	Byrd Glacier	79.980S	165.030E
	

75?	16/1/84
	

Unit was operating satisfactorily but stopped op-
erating on 17 April 1984. Unit has relative hu-
midity and temperature difference detector.

8922B	inexpressible	74.920S	163.600E	80?	6/2/84
	

Unit is operating satisfactorily.
Island

8923B	Ross ice	78.310S	172.50°W	42	1/2/84
	

Unit is operating satisfactorily.
8924B
	

Parts from AWS 8914 and 8916 will be used for this
unit.

8925B
	

Parts from AWS 8914 and 8916 will be used for this
unit.

8926B	Madison	 Unit is ready for redeployment in austral summer
1984-1985 by the British Antarctic Survey.

A total of 18 of the 27 automatic weather stations were operating satisfactorily as of 30 May 1984.
b The "B" after the identification number indicates the new read-only-memory program.
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continue after Siple Station closed. The AWS unit removed from
Siple was checked, converted to AWS 8904, and successfully
installed at Dome C. One integrated circuit had failed in the old
AWS 8904 after 3 years of operation at one of the coldest places on
the planet.

Nancy Site near White Island had to be removed as the site
was just inside the white-out landing zone for Willy Field. AWS
8911B was reinstalled just outside the white-out landing zone
near White Island and named Tiffany Site.

Batteries, regulator, boom, and aerovane were replaced at
Whitlock Site, 300 meters above the Ross Sea on Franklin Is-
land. Salt corrosion had corroded an exposed positive wire
preventing the batteries from charging. The presence of salt 300
meters above the ocean is surprising but with wind speeds
above 20 meters per second combined with the nearly vertical
cliff on the island it is likely that the salt spray was carried to the
island top by strong upward air motion.

AWS 8921 was installed on the Ross Ice Shelf near Byrd
Glacier. The purpose is to study the barrier wind flow and the
air flow down the Byrd Glacier onto the Ross Ice Shelf.

AWS 8907 at Ferrell Site had stopped 22 August 1983 due to
corrosion breaking a circuit trace on the central processing unit
(CPU) board. The CPU board was cleaned and repaired, and the
AWS unit was reinstalled at Ferrell Site.

The radioisotope thermal generator at Manning Site (Aws

8905) was dug out and installed on a raised platform.
AWS 8918 at Windless Bight had stopped 21 March 1983. The

unit was returned to McMurdo where the transmitter was
found to have shifted frequency. Adjustments were made, and
the unit was reinstalled at Windless Bight.

AWS 8909 was installed at Arrival Heights near McMurdo.
The unit used new CPU and interface boards combined with the
transmitter and pressure gauge systems from the unit removed
from Dome C. AWS 8909 also measures relative humidity and
vertical temperature difference.

Figure 1 shows the 3.0-meter to 0.5-meter temperature dif-
ference (Delta T) as a function of time along with air tem-
perature, wind speed, and wind direction at 3-meter height.
The Delta T and wind speed will be used to estimate the sensible
heat flux to the air. The vertical air temperature difference clear-
ly decreases as the wind speed increases.

Figure 2 shows the relative humidity as a function of time
along with the air temperature, wind speed, and wind direction
all at a height of 3.0 meters. The time series was selected because
of the large swing in relative humidity for the period and shows
variation with air temperature and wind direction.

George Weidner and Edwin Eloranta were in Antarctica from
21 November 1983 to 13 December 1983. While there, they
removed Nancy Site, went to Siple Station, repaired and re-
deployed 8907, 8911, and 8918. Mike Savage, Greg Vetter, and
Chris Breckenridge were in Antarctica from 4 January 1984 to 26
January 1984 servicing Dome C, Laurie, Manning, Tiffany, and
Arrival Heights sites. Jay Ardi installed AWS 8922B and 8923B
using the ice breaker helicopter.

This research was supported by National Science Foundation
grant DPI' 83-06265 and DPP 79-25040.
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Atmospheric tracers released in
Antarctica

E. J. MROZ, M. ALEI, J. H. CAPPI5, P. R. GUTHALS,
A. S. MASON, and D. J. ROKOP

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

The antarctic tracer experiment is designed to increase scien-
tific understanding of meridional atmospheric transport pro-
cesses in Antarctica. Meridional transport is responsible for
bringing pollutants, both natural and manmade, to Antarctica
from the lower latitudes. These materials then become part of
the record of climate history that is frozen in the polar ice cap.
The project consists of releasing unique gases into the at-
mosphere at a time and place of our choosing and subsequently
sampling the antarctic atmosphere in search of the tracer gases.
Figure 1 shows the experimental concept and the location of the
stations where sampling for the tracer is being conducted.

The tracers used are 13C134 and 12CD4 . These gases are isotopic
analogs of methane and are called "heavy methanes" because
they are composed of the heavy isotopes of carbon and hydro-
gen, namely carbon-13 ( 13C) and deuterium. These gases can be
detected in the atmosphere at a level of a few parts in 1018 parts
of air. This extremely low level of detection means that the gases

ANTARCTIC TRACER EXPERIMENT
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Figure 1. Conceptual view of the antarctic tracer experiment.
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can be detected up to about 2,000 kilometers from the point of
release.

Field operations 1983-1984. A major undertaking for the early
portion of the 1983-1984 season was the deployment of
samplers to eight stations on the antarctic continent; samplers
were installed at McMurdo, Palmer, and Amundsen-Scott Sta-
tions (United States), Halley Bay (United Kingdom), Dumont
d'Urville (France), Syowa (Japan), and Casey and Mawson
(Australia). Sampling at non-U.S. locations is being conducted
with the cooperation of personnel stationed there.

The heavy methane tracer was released after the sampling
network was established. The first release took place at 55°00'S
167°47'E at 5,500 meters above mean sea level on 9 January 1984
(0015Z). The release was made from a National Science Founda-
tion LC-130 airplane flying from Christchurch, New Zealand
toward McMurdo Station. The release lasted for 5 minutes dur-
ing which time the airplane traveled about 50 kilometers. This is
an instantaneous "puff" release when compared to the trans-
port scale of over 1,000 kilometers.

Upon release of the tracer, all sampling stations were notified
to begin sampling. The sampling protocol consists of collecting
one continuous sample over 3 days. This protocol is followed for
60 days after the release. Thus 20 samples are collected by each
station following each release.

Following the January release, additional samples were col-
lected by a cryogenic sampler developed for use on board
LC-130 airplanes. Samples were collected on a nearly daily basis
from 9 January to 15 February by taking advantage of the nor-
mal flight operations of VXE-6. Samples were collected on
flights between McMurdo and Siple, Byrd, Amundsen-Scott
Stations as well as between McMurdo and Christchurch. Other
flights on which samples were collected included flights to the
Siple coast, Martin Hills, Mount Smart, and the Ohio Range
areas. About 100 samples were collected by this means.

A second release was made on 8 June 1984. This release was
conducted with the assistance of the U.S. Air Force using a
WC-135 aircraft and was made at 59°40'S 160°45'W at 5,500
meters altitude. Sampling was conducted at the antarctic sta-
tions in the manner described above. Of course, no airborne
sampling could be conducted during the austral winter.

Trajectory Analysis. Understanding the path by which the
tracer travels is an important aspect of this research. A trajectory
forecast of the first tracer release in January 1984 has been
performed by meteorologists of the U.S. Air Force, the British
Antarctic Survey, and Washington State University. The results
are shown in figure 2. Trajectories A through D were forecast by
David Limbert of the British Antarctic Survey while trajectory E
was forecast by the U.S. Air Force. The forecast by Elmer Robin-

Figure 2. Forecast tracer trajectories following the release on 9 January 1984. The points along each trajectory were computed at 12-hour
Intervals. The date of the OOZ (midnight Greenwich mean time) analysis is indicated by the format ddIOO.
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son of Washington State University is essentially the same as
trajectory C. The dearth of meteorological observations in the
high southern latitudes exacerbates the uncertainties associated
with trajectory forecasting. The plotted forecasts of the tracer
trajectories show a wide divergence of possible paths after just a
few days. However, all of the forecasts agree that the initial path
was toward the east and south.

We are currently analyzing the samples that were obtained

following the January release for the presence of the tracer.
When we detect the tracer at any of the sampling locations, we
will identify the meteorological path by which it must have
arrived at the sampling location. Comparison of the forecasted
and actual paths will increase our understanding of at-
mospheric transport in Antarctica.

This research was supported by National Science Foundation
grant DPP 81-18562.

Meteorological variation of antarctic
aerosols

J. A. SAMSON,
S. C. BARNARD, and

A. W. HOGAN

Atmospheric Sciences Research Center
State University of New York

Albany, New York 12222

C. KUKLA and
W. EGAN

Lamont-Doherty Geophysical Observatory
of Columbia University

Palisades, New York 10964

A 30-meter meteorological tower was erected at South Pole
Station and instrumented during the 1983-1984 austral sum-
mer. The tower is located at the edge of the "clean air sector," 100
meters from the clean-air facility, along the 120°E meridian of
longitude. Winds are measured from the tower at the 3-meter
and 30-meter levels and recorded by the Global Monitoring for
Climate Change staff at the clean-air facility. An additional wind
set records wind direction and speed at the height of the sam-
pling stacks.

We mounted an experimental precipitation gauge at the 25-
meter level. This gauge has a cylindrical wind shield 50 cen-
timeters in diameter and 60 centimeters high surrounding a
catch funnel with a diameter of 25 centimers. A 1-liter catch
bottle is mounted at the outlet of the funnel. Visual observations
during the austral summer showed hoar frost and rime forma-
tion to be confined to the outside of the wind screen. We are still
evaluating the precipitation gauge.

Two "smoke detectors" which sense changes in atmospheric
conductivity due to particle presence are mounted on the tower,
at levels near the anemometers. The presence of suspended ice
crystals causes a change in conductivity similar to that caused
by the presence of smoke, and gives a recordable electrical
signal, so the electrical signal provides a record of the periods
when ice crystals are present. Additional experiments may al-
low us to differentiate between blowing and drifting snow by
comparing the 3- and 30-meter signals.

The austral summer 1983-1984 was meteorologically unusual
in the polar plateau. The surface temperature remained cold
throughout November and large hoar frost needles formed on

the cold firn surface when slightly warmer air was advected to
the South Pole in December. These frost crystals continued to
accrete, achieving lengths of 2-3 centimeters by early January.

The hoar frost appeared quite dense and covered most of the
surface. We measured 1-meter square area on the surface in the
clean-air sector on 6 January and carefully scraped the hoar
frost from the surface with a spatula. The frost crystals filled
three 1-liter sample bottles but weighed only 130 grams. This is
equivalent to 130 grams per square meter or 0.13 millimeters of
precipitation, a smaller amount than it appears to be and small-
er than the 0.4 millimeters found to accrete in a few hours
during a supercooled fog (Kikuchi and Hogan, 1976).

The hoar crystals were also unusual in that they were quite
resistant to erosion by wind. Past observations have shown
surface hoar to begin eroding and drifting at wind speeds of 6-7
meters per second, but these deposits did not erode in winds of
9-10 meters per second on 13 and 14 January. On 14 January,
very warm air was advected onto the polar plateau, accom-
panied by winds in excess of 10 meters per second and relatively
heavy snow. This snow continued through 15 January and the
hoar frost crystals provided surface roughness which trapped
the snow to prevent its drifting. The new snow was scraped
from the surface at 0200 universal time 15 January by the same
technique. The 2-3 centimeters of accumulated snow was
equivalent to 1.85 millimeters of water, which is one of the
largest falls observed at the South Pole.

We carefully noted the meteorological events surrounding
this storm. Aerosol collections were made, and suspended par-
ticles were measured by instrumental and optical techniques
through the storm. Deposited particles have been filtered from
both the hoar and new snow, and the albedo of the surface was
measured. Analysis of this event should allow us to estimate
particle deposition on the polar plateau and the physical influ-
ence of the particles on some properties of the firn. Preliminary
analysis indicates that silicate particles were precipitated by this
storm, and that the major deposition occurred from the first
kilometer of air above the station.

This work was supported by National Science Foundation
grant DPP 81-15231. We thank M. Finn and the entire Antarctic
Services crew for erecting the meteorological tower, F. Gilchrist,
M. Miller, and K. Hughes for meteorological support, and the
entire Global Monitoring for Climate Change organization for
their help in instrumentation of the meteorological tower and
subsequent recording of data.
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Winter meteorological phenomena of
the McMurdo area

B. MURPHEY and
A. HOGAN

Atmospheric Sciences Research Center
State University of New York

Albany, New York 12222

A major portion of the last decade's antarctic meteorological
research has been attempted at South Pole Station. While the
south polar plateau has a unique and interesting meteorological
regime, coastal Antarctica experiences more intense storms and
exchange events, especially during winter and spring. A series
of aerosol and ozone experiments were conducted [with the
help of the Naval Support Force Antarctica (NSFA) mete-
orological observations] at McMurdo during 1983. These mea-
surements and the meteorological observations allow estima-
tion of exchange of particles and gases among atmospheric
layers.

A series of measurements, made by cooperating cosmic ray
and infrasound observers during two previous winters estab-
lished a firm basis for the wintering program. We retained the
primary aerosol- and ozone-measuring instruments at the cos-
mic ray observatory and prepared a second observation station
near Scott's Hut for sampling onshore winds. We used the
phase contrast microscope and other apparatus in the biological
laboratory for preliminary analyses of collected particle sam-
ples and returned the preserved samples to the United States in
November 1983. Analysis of these particles with a scanning
electron microscope and energy dispersive X-ray analysis
continues.

The preliminary results obtained indicate that troposphere-
stratosphere exchange is much more vigorous over the Ross Ice
Shelf (78S) than over the interior of Antarctica. The radiation
imbalance of the polar plateau causes such stable stratification of
the polar troposphere that little exchange occurs, even when
storms penetrate to the vicinity of the South Pole. Komyhr and
Gras (1968), Oltmans and Komyhr (1976), and Oltmans (1980)
found little evidence of exchange over the plateau after exten-
sive ozone soundings and a long period of surface ozone obser-
vations. The surface ozone record at McMurdo shows frequent
occurrence of stratospheric-tropospheric exchange, because

surface ozone concentration often increases by a factor of two or
more, preceding and following storm events. This exchange
seems especially vigorous in spring, as surface ozone con-
centrations of more than 100 parts per billion by volume were
found following a September storm.

Aerosol particles are exchanged horizontally, apparently
from sea to ice, in the advective portion of the storm, when
surface winds are accelerating. The surface aerosol con-
centration increases as the storm system approaches and sur-
face wind increases. The concentration remains near maximum
as the deep mixing occurs when the storm system dissipates
and returns to typical values when the storm system has
passed. Several case studies of ozone and aerosol variation
around storms have been extracted from the winter observation
record for thorough analysis and publication.

The presence of nacreous clouds was noted by the observer
during several clear periods in winter. Visual sightings of the
cloud phenomena from the ground are rare in the Antarctic
simply because there are so few observers. The stratospheric
clouds have been sighted previously in both polar regions by
the SAM H satellite system (McCormick et al. 1982). The clouds
(also known as mother-of-pearls) persisted from several min-
utes to a few hours. Photographs were made of several nacreous
cloud events. In general, most observations coincided with high
pressure ridging across the continental plateau. The NSFA Mete-
orological Detachment soundings obtained in closest times
proximity to the nacreous cloud sightings are being analyzed to
determine if these high-level clouds can be associated with a
specific stratosphere flow and temperature regime.

This work has been supported by National Science Founda-
tion grants DPP 79-05987 and DPP 83-14537. The authors express
their thanks to Martin Pomerantz and Charles Wilson for their
cooperation. The enthusiastic support of all personnel of the
McMurdo Meteorological Office constitutes a major contribu-
tion to this work, and we offer them our thanks.
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Emission rates of sulfur dioxide and
particulate material from Mount

Erebus, Ross Island
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Volcanic eruptions contribute aerosols and particulate mate-
rial to the atmosphere. By analyzing the soluble and insoluble
impurities in ice cores, it is possible to evaluate past contribu-
tions of volcanism to the atmosphere. The source of the im-
purities may be from violent eruptions, such as Mount St.
Helens and El Chichon, which had a global effect, or from
smaller eruptions which have only a local effect. The objective
of our study was to estimate the rate of sulfur dioxide (SO 2) and
particulate emission from Mount Erebus and evaluate its effect
on the antarctic atmospheric aerosol load.

Mount Erebus, the largest volcano on Ross Island is one of
two active volcanoes in the western Ross Sea area; the other
Mount Melbourne is insignificant as an aerosol source. A dis-
tinct volcano plume has been a characteristic feature of Mount
Erebus, since the volcano was discovered in 1841 by Sir James
Ross. Since 1972 a persistent, convecting lava lake has been
present in the inner crater of Mount Erebus (Kyle et al. 1982).
Although strombolian eruptions are frequent, they are so small
that they do not disperse significant amounts of volcanic ash
very far from the summit crater. The aerosols on the other hand
appear to be emitted in significant quantities and the charac-
teristic lenticular plume can be seen on occasions to extend for
hundreds of kilometers.

The SO2 flux was measured using a Barringer correlation
spectrometer (coSPEc-v) mounted aboard a National Science
Foundation LC-130 Hercules airplane flown by U.S. Navy pi-
lots. A survey method similar to Casadevall et al. (1981) was
used. The instrument was positioned on the upper bunk in the
cockpit so that it looked upward through a quartz window
mounted in the crew escape hatch. On four flights we flew six or
seven traverses under the perpendicular to the plume being
emitted from Mount Erebus. The COSPEC measured the absorp-
tion of ultraviolet skylight by SO2 in the plume. Emission rates
were determined by multiplying the estimated cross-section
S02 burden by the windspeed, as read from the inertial naviga-

tion system on the aircraft. Our estimated SO 2 emission rates
are given in the table.

For the particle measurements we used a 10-stage quartz
crystal microbalance (QcM) impactor. Air samples were col-
lected through a isokinetic probe mounted in the sextant port
above the navigator's desk on the LC-130 aircraft. The QCM gave
real-time measurements of the particle mass in ten equal log-
arithmic size intervals from 0.05 to 25 micrometers and larger.
The particles were retained on the quartz plates for laboratory
examination of morphology and elemental composition. Sam-
ples were collected by flying through the center of the plume,
perpendicular to its dispersal axis and in traverses along the
length of the plume. On 9 December 1983 we measured a mean
particle flux of 21 ± 3 metric tonnes per day. The ratio of the SO2
flux to total particle flux was 14:1.

Our mean S02 emission rate for Mount Erebus is 230 ± 90
metric tonnes per day (table). Polian and Lambert (1979) re-
ported an SO2 emission rate of 3 tonnes per day, whereas Radke
(1982) reported 35 tonnes per day. Our estimate is significantly
higher, but typical of that found in post-eruptive volcanoes
(Berresheim and Jaesehke, 1983). It is probable that Mount
Erebus may contribute significant amounts of SO 2 to the at-
mospheric sulfur budget in the Ross Sea embayment, although
compared to the total antarctic atmospheric budget, it may be
less significant (Delmas 1982) than suggested by Radke (1982).
It is possible that Mount Erebus may contribute to the antarctic
stratosphere during winter when the tropopause is significantly
lower and the plume could be injected into the stratosphere. If
this were to occur, then Mount Erebus may leave a chemical
signature in the snow and ice of the east antarctic ice sheet.

This work was supported by National Science Foundation
grant DPP 80-21402. We would like to thank the VXE-6 LC-130
Hercules crew and personnel for their wonderful support.
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Sulfur dioxide emission rates from Mount Erebus

Number of
Date	 Traverses	 Tonnes per day

9/12/83	 6	 290 ± 140
14/12/83	 7	 150 ± 30
17/12/83	 7	 290 ± 65
19/12/83	 7	 200 ± 50

Mean	 230 ± 90
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Size distribution of aerosols in the
vicinity of Ross Island

G. E. SHAW and
B. MCKIBBEN

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

As part of a general study of submicron particles suspended
in the troposphere at locations far from industrial pollution, we
are investigating microscopic aerosols in the vicinity of Ross
Island. The purpose is to determine the physics controlling the
size distributions of aerosols in a variety of air masses that flow
into the McMurdo area.

Special attention is being directed toward the size distribution
of particles in dry, cold air originating from the central ice sheet
(continental Antarctica) and air masses originating from oceanic
area (maritime polar). We are particularly interested in very
small (radius less than about 10-6 centimeters) particles whose
presence indicates production from gaseous precursors.

The aerosol experiments are being conducted in the vicinity
of the cosmic ray building at McMurdo Station. A diffusion
battery (consisting of Nuclepore filters) is used to deduce the
size spectrum of the particles within the size range 10 to 106
centimeters (Twomey 1976). Particles in this range (so-called
Aitken particles) are very mobile and attach quickly to obstacles
or hydrometeors, like ice crystals or snowflakes and also they
are lost rapidly by coagulation under the driving force of ther-
mal Brownian motion. Due to the many processes which re-
move or modify these particles, their lifetimes are quite short
and it therefore is assured that the ones being detected are
produced in the polar or subpolar regions within distances of a
few hundred kilometers.

During the summer months, contamination from combus-
tion products originating at Scott and McMurdo bases was fre-
quently encountered, but when the contamination occurred it
was very obvious from large spikes and fluctuations in the
records. Nevertheless, there were clean azimuths from which
incoming air contained steady and very low (i.e., 100 per cubic
centimeter) concentrations of particles over hours of time. We
found the tendency for particle concentration to increase and
mean particle size to decrease during periods of air subsidence.
Hogan and Barnard (1978) previously reported similar find-
ings. The mean size and concentration of aerosol particles also
decreased during storms.

The diffusion battery measurements indicate that the particle
size spectrum in Antarctica is bimodal, at least in summertime
polar air mass systems. There seems to be an accumulation
mode near 3 x 10 centimeters and a nucleation mode cen-
tered at about 106 centimeters diameter. It will be of interest to
see if the nucleation mode, which possibly may arise by photo-
induced nucleation of trace sulfur-bearing gases, disappears in
the dark months.

During the summer we found very little absorbing material in
the aerosols from the clean sector, (aerosol absorption coeffi-
cient approximately 10 -8 per meter). The calculated optical scat-
tering coefficient (at mid-visible wavelengths) was in the range 5
X 10 to 2 x 10-6 per meter: these numbers are consistent with
previous measurements (Shaw 1982) of the aerosol optical
thickness.

References

Hogan, A., and S. Barnard. 1978. Seasonal and frontal variations in
antarctic aerosol concentrations. Journal of Applied Meteorology, 17(10),
1458-1465.

Shaw, G.E. 1982. Atmospheric turbidity in the polar regions. Journal of
Applied Meteorology, 21, 1080-1088.

Twomey, S. 1976. Aerosol size distributions by multiple filter measure-
ments. Journal of Atmospheric Science, 33, 1073-1079.

Detection of El Chichon volcanic
aerosol in the antarctic stratosphere

D. J. HOFMANN and J. M. ROSEN

Department of Physics and Astronomy
University of Wyoming

Laramie, Wyoming 82071

From 1972 to 1980 the University of Wyoming's Atmospheric
Physics group conducted annual balloon soundings at McMur-
do and/or South Pole Stations to study stratospheric aerosols
and trace gases. These results were reported in previous issues
of Antarctic Journal (Hofmann, Rosen, and Kjome 1972;
Hofmann, Pinnick, and Rosen 1973; Rosen et al. 1974;
Hofmann, Rosen, and Olson 1975; Hofmann et al. 1976;
Hofmann et al. 1977; Hofmann et al. 1978; Hofmann etal. 1979;

Hofmann et al. 1980). Substantial variations in the antarctic
stratospheric sulfate layer were not observed during this period
and antarctic measurements were terminated in 1980.

Following four major volcanic eruptions during the period
from 1980 to 1982, culminating in that of El Chichon in Mexico in
April 1982, we observed that sulfuric acid aerosol levels in-
creased dramatically in the northern hemisphere (Hofmann
and Rosen 1983-a, 1983-b). In addition, measurements at
Laramie, Wyoming indicated that sulfuric acid condensation
nuclei (radius equals approximately 0.01 micrometer) were
being formed at altitudes of about 30 kilometers in the Arctic,
well after the eruptions. It was theorized (Rosen and Hofmann
1983) that these nuclei were formed from volcanically derived
sulfuric acid vapor during large, rapid temperature variations in
the polar region, such as those that occur during the winter-
spring season.

In 1983 we proposed to return to Antarctica and conduct a
single sounding at McMurdo as early in the summer season as
possible. The purpose was twofold. First, we wanted to find out
to what extent the El Chichon aerosol had reached the antarctic
stratosphere, and second, we wanted to determine whether the
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proposed mechanism for aerosol production at 30 kilometers
was operative over the Antarctic during the corresponding sea-
son (winter-spring). To do this in a single sounding, the largest
balloon ever used in Antarctica (7,230-cubic-meter volume) had
to be launched under what was expected to be adverse weather
conditions.

An optical-type aerosol detector, which detects particles by
light scattering and sorts them into two integral size ranges
(radii greater than or equal to 0.15 and 0.25 micrometers), was
used. The ratio of these two size ranges is indicative of the size
distribution. A thermal growth chamber was cycled in and out
with a 30-second period. This allowed extending the size range
down to radii greater than or equal to 0.01 micrometers, which
we have collectively called condensation nuclei (cN).

The total payload, weighing about 27 kilograms, was suc-
cessfully launched at McMurdo on 27 October 1983, 1 week after
the helicopters became operative. They recovered the payload
about 55 kilometers from McMurdo after a balloon ascent to
about 32 kilometers (105,000 feet) and subsequent parachute
descent. We met both our study objectives in this single flight.

Figure 1 shows the vertical profile of the concentration of
aerosol with radii greater than or equal to 0.15 micrometers and
the ratio of radii greater than or equal to 0.15 to radii greater than
or equal to 0.25 micrometers concentrations (termed the "aero-
sol-size ratio"). Figure 1 also shows profiles of the same quan-
tities obtained at McMurdo on 16 January 1979, during a period
of low volcanic activity. An extensive aerosol layer is obvious
between about 11 and 17 kilometers in the 1983 data. The small
size ratio in the layer indicates the presence of particles which
are larger than normal as was typical of the El Chichon aerosol.
The very low concentrations above about 18 kilometers in the
1983 data appear unusual.

The peak aerosol mixing ratio (particles per milligram am-
bient air) in the layer was about 30 particles per milligram. A
sounding at Laramie on 21 October 1983 indicated a peak mix-
ing ratio of about 40 particles per milligram in the layer which
was centered at about 20 kilometers. A higher altitude layer at
midlatitude as compared to the polar regions is consistent with
the variation of tropopause height. Thus, horizontal transport
to the antarctic stratosphere from the northern hemisphere was
efficient in the 18 months which elapsed between the eruption
and our observations.

Figure 2 compares the CN observations of 1983 with those of
1976. There is a large (about a factor of 50) increase in the 20-30
kilometer region. Concentrations as high as 100 particles per
cubic centimeter suggest a lifetime (determined by coagulation)
of only a few weeks for these small particles. It is thus quite
probable that they were nucleated over the Antarctic in a man-
ner similar to that which creates CN over the northern hemi-
sphere polar regions in the corresponding season. The CN
layer begins at precisely the point where an unusual absence of
larger (radii greater than or equal to 0.15 micrometers) aerosol
begins (see figure 1) as if one were being lost to form the other.
Figure 2 also shows the temperature profiles indicating typical
summer (1976) and winter (1983) values. We note, however,
that the upper stratosphere in 1983 was very warm for a winter
stratosphere.

Figure 3 shows temperature data at 10 and 30 millibars (about
29 and 22 kilometers altitude, respectively) as obtained by radi-
osondes at South Pole Station during October 1983. A strat-
ospheric warmingapparently began between 7 and 11 October.
As has been theorized following observations at Laramie in 1983
(Hofmann, Rosen, and Gringel in press), stratospheric warm-
ings create temperatures that are high enough to vaporize exist-

Figure 1. Aerosol concentration and size ratio profiles measured with balloon-borne particle detectors at McMurdo during 1979 and 1983.("km"
denotes kilometers; "r" denotes radius; "rim" denotes micrometer; 11 cm 3" denotes per cubic centimeter.)
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Figure 3. Radiosonde temperatures at the 10- and 30-millibar (mb)
pressure levels measured at South Pole Station In October 1983.

ing sulfuric acid/water aerosol thus creating a large con-
centration of acidic vapor. If this vapor is subsequently cooled
rapidly enough, (which is apparently what happens during
transit to Laramie in the northern hemisphere) nucleation can
occur. The process is similar to the formation of fog and appears
to operate in the antarctic stratosphere as well. It is thus quite
probable that the air parcel above about 17 kilometers had been

in a very warm region, and thus the nearly complete vaporiza-
tion of the aerosol present resulted. Subsequent cooling then
caused the new CN to form in place of the vaporized aerosols. In
this manner only I aerosol per cubic centimeter having radii
around 0.1 micrometers would result in the order of 10 per
cubic centimeter with radii around 0.01 micrometers. These
would, in a period of about 2 weeks, coagulate to concentrations
of about 100 per cubic centimeter as observed.

The only apparent difference in CN formation in the two polar
stratospheres appears to be that it occurs at a lower altitude in
the Antarctic. While the upper boundary has never been deter-
mined, the lower boundary is near 30 kilometers in the north -
ern hemisphere while it is apparently at only about 20 kilo-
meters in the southern hemisphere. This difference is probably
related to the different thermal regimes operative.

The measurement will be repeated in 1984, possibly with an
additional sounding at McMurdo or South Pole.

D.J. Hofmann, J. W. Harder, N. T. Kjome, and G. L. Olson were
in the field from 12 October to 2 November. Erick Chiang
provided the South Pole Station temperature data. This work
was supported in part by National Science Foundation grant
ATM 82-19766.
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Coreless winter in Adélie Land,
Antarctica, in 1983

Y. KODAMA and C. WENDLER

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

The "kernlose" or "coreless" pattern of winter temperature is
typical in arctic regions as well as in Antarctica (Wexler 1958,
1959; van Loon 1967; Loewe 1969; Thompson 1969). In the
comprehensive study by Loewe (1969) the definition of coreless
winter and all that was known about it to that point is well
documented . * In this paper, we report the preliminary result of
our study of the temperature regime in its relationship to other
meteorological parameters, which will add a new aspect to the
study of coreless winter in Antarctica.

Four Automatic Weather Stations were installed on a slope of
Adélie Land, Antarctica (Wendler, Gosink, and Poggi 1981), and
another one at the top of an ice dome, Dome C. In this study, the
data from D80 (latitude 70°01' 5, longitude 134°43' E, and al-
titude 2,500 meters), D47 (latitude 67°23' S, longitude 138°43' E,
and altitude 1,560 meters), and D10 (latitude 66'42'S, longitude
139°48' E, and altitude 240 meters) are analyzed for the period
from January to November in 1983.

Figure 1 shows the monthly mean air temperatures for three
stations on the icy slope of Adélie Land in 1983. From this figure
one can easily see the coreless winter temperature patterns,
with distinctive reversals of the expected course in June and
September. One would expect, for the long-term mean, that the
curve would be U-shaped with less pronounced reversals
(Schwerdtfeger 1970). Although average temperatures in sum-
mer are similar for all stations, in winter D80 is much colder
than D10 or D47. The temperature courses, however, are very

*Coreless winters are winters in which the mean monthly temperatures
during a number of months differ little from each other.

similar for three stations, indicating that the coreless winter is a
phenomenon for the whole of Adélie Land. From February to
April the drop in temperature is steep and in the months of May
and June a warming of the temperature was observed. In July all
stations recorded the coldest monthly mean temperatures.
Warm spells are seen in August and September and a cold spell
is again observed in October.

To find a more objective measure for warm and cold spells, all
data from April to September were taken and the absolute
temperature deviations larger than 1 standard deviation from
the average were defined as warm or cold spells, respectively.

The table shows the differences of the mean pressures and
resultant wind speeds and directions for warm and cold spells
from the overall averages. Surprisingly, during warm spells the
atmosphere pressure is higher than the averages for all three
stations, and lower for cold spells. This is just the opposite of

1 --- D-10
4 --- D-47
8 --- D-80

240 I	r--	 I I i1

JF M O M JJSOND

Figure 1. Monthly mean temperatures in 1983 in Adélie Land, Ant-
arctica. ("K" denotes Kelvin.)
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The differences in atmospheric pressure and resultant wind
speed and direction from their averages for the cases of the

temperatures which deviate more than 1 standard deviation ((rT)
from the average, for the three stations in Adéiie Land,

Antarctica. The bar denotes the average.

Pressure	Wind speed
Wind directionTemperature	 deviationdeviation	 deviationStation	deviation	-	(WS - WS)(P P)	

(meters per (WD - WD)(T - T)	
(millibar)	

second) (degree)

080	>1	 12.4	-1.3	-12.0

	

-8.3	-0.6	 4.0
047	>T	 9.7	-0.8	-12.0

	

-5.8	0.5	10.0
D10	>T	9.2	-0.5	-4.0

	

-4.0	-2.1	 3.0

what one would usually expect: warm spells are caused by in-
creased warm air advection, which is normally connected with
increased cyclonic activity, and one expects cold spells to be
caused by decreased warm air advection and decreased cloud-
iness, both typical for an anticyclone.

In figure 2 the pressure is plotted against temperature. A
correlation factor of 0.22-0.25 was found, which is significant at
the 99 percent level.

From the table, one can also see that the resultant wind
direction for warm spells is more cross-slope and more down-
slope for the cold spells when compared with the mean. Most of
the time, wind speeds are lower for both warm and cold spells
when compared to the average conditions.

Besides the findings above, some other results, which are not
shown in detail due to the space limitations, are:
• The differences in pressure between the stations are smaller

for warm spells and larger for cold spells, a result to be
expected.

• The pressure is falling for 66 percent of the time when warm
spells are observed and rising for about 70 percent of the time
cold spells are observed.

• The interdiurnal variation of the atmospheric pressure,
which can usually be taken as a sign of the cyclonic activity
(Schwerdtfeger 1970), were not related to temperature or
pressure.
One explanation of this surprising result, that high at-

mospheric pressure is connected to above normal tem-
peratures, might be the following: high atmospheric pressure at
the stations in Adélie Land is an indicator that the anticyclone
over the antarctic plateau is stronger than normal. This extends
and intensifies the pressure ridge between the two semiperma-
nent cyclones which are situated at about 1000 E and 170° Wjust
off the coast of the antarctic continent (Schwerdtfeger 1970).
This in turn increases the advection of warm air into Adélie
Land as well as further inland on the continent. If this holds
true, a weak point of Wexier's explanation for coreless winter
would be solved. He could explain the coreless winter tem-
perature for the coastal stations by increased cyclonic activity;
however, the pronounced coreless winter temperature pattern
on the antarctic plateau is difficult to explain in this manner. Our
explanation, in which warm air advection is by anticyclones,
makes the coreless winter temperature patterns more plausible
for the inland stations. For below normal temperatures the

opposite argument could be made. However, synoptic weather
maps must be analyzed to verify this point.

This study was supported by National Science Foundation
grant DPP 81-00161. Our thanks go to many individuals who
worked for the automatic weather stations: University of
Wisconsin (Sterns), Expeditions Polaires Fracaises (Vaugelade
and Guillard) and individuals in the U.S. Antarctic Research
Program.
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Ice crystal nucleation on antarctic
hygroscopic aerosols

T. OHTAKE and A. G. FOUNTAIN

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

Aerosols at the South Pole were sampled to (1) clarify the
mechanism of formation of polar atmospheric ice crystals and
(2) test their ice nucleation ability under humidity conditions
that were below water-saturation level. This was done to deter-
mine whether or not the aerosols would nucleate ice crystals
through direct condensation of water vapor at temperatures
lower than - 25°C. The ice nucleus concentrations on filters
were measured at the South Pole with a vapor-diffusion type ice
nucleus counter at temperatures of - 25°C and - 37°C and
humidities at ice saturation and between ice- and water-satura-
tions in December 1982 and November 1983, respectively.

The observations showed that aerosol concentrations of 100 to
400 particles per cubic meter were nucleated to ice crystals in the
antarctic atmosphere at about 82 percent relative humidity (over
water) as indicated in the figure; this agrees with the expected
ice-crystal concentrations and humidity conditions in the polar
atmosphere (Ohtake 1976).

It was discovered that aerosols may display a memory effect
in their ice-nucleating ability after experiencing low tem-
peratures (Higuchi and Fukuta 1965). If aerosols have even a
very small amount of ice present in surface capillaries, the ice
can grow even at humidities between ice- and water-satura-
tions. To test the memory-nucleation ability of aerosols, the
exposed filters were bisected: one half of each filter was main-
tained at temperatures below - 25°C, while the other half was
warmed up above the freezing point to destroy the nucleation
memory.

The concentration of ice crystals which were nucleated on the
warmed filters averaged two-thirds the number of ice crystals
formed on the cold filters. The ratio of concentrations of ice
crystals formed on both filters, as well as the ice-nucleus con-
centrations, varied from day to day. This observation supports
the suggestion that there is a capillary effect of solid particles to
be ice nuclei. The capillary effect on ice nucleation seems to
change daily with variations of the vertical temperature profile
or the occurrence of subsiding air in the polar atmosphere.

In the observations of ice nuclei in 1983, only aerosols with a
particular size range (between 0.01 and 0.6 micrometers in
diameter) were collected on one of two filters. With this special
selection of the size range of aerosols, air containing the aero-
sols was passed through a Nuclepore filter with pore sizes of 1

micrometer at a rate of 10.6 liters per minute. Seventy-five
percent of aerosol particles larger than 0.6 micrometers are not
transmitted through the pores on the filter, while particles
smaller than 0.01 micrometers are coagulated by the pores and
blocked by the Nuclepore filter at a sampling rate of 10.6 liters
per minute (Shaw 1983).

Using this technique, we found no appreciable difference in
the numbers of ice crystals on the sampling filters (Millipore)
with or without inclusion of the transmission filter (Nuclepore).
Even though this arrangement of aerosol sampling was not
used in 1982, it has been assumed that the size range of aerosols
tested in 1982 was the same as that of aerosols tested later.

It is suggested, on the basis of the observations, that many
aerosols in the polar atmosphere deliquesce in ambient humid
air of about 82 percent relative humidity (in 1982) and 79 percent
relative humidity (in 1983) and are followed by freezing of the
submicron-sized water droplets to ice crystals at temperatures
below - 25°C and - 37°C, respectively. These short-lived water
droplets and subsequent ice crystals are small enough to be
nearly invisible, unless the ice crystals grow to a larger size.
These ice crystals must be responsible for causing ice-crystal
displays in the polar atmosphere or the clear-sky precipitation.
The mechanism may be closely related to cirrus cloud formation
even in the temperate regions. The aerosols may be minute
sulfuric acid particles which are formed or transported in the
lower stratosphere. Chemical analysis of the aerosol particles
collected on electron microscope specimen grids by means of an
electrostatic aerosol sampler is presently underway.

This research is supported by National Science Foundation
grant DPP 83-03964. The authors wish to express their apprecia-
tion to A. W. Hogan for his kind arrangement of sharing logistic
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support for the antarctic study in 1982, and to G.E. Shaw for his
assistance with the Nuclepore transmission device and valuable
discussion of the results.
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Geophysical monitoring for climatic
change, Amundsen-Scott South Pole

Station, 1983-1984

R. E. BRAINARD

National Oceanic and Atmospheric Administration
Air Resources Laboratory
Boulder, Colorado 80303

The objective of the National Oceanic and Atmospheric Ad-
ministration's (N0AA) Geophysical Monitoring for Climatic
Change (GMcc) program is to establish, through continuous
monitoring, baseline measurements of various atmospheric pa-
rameters and to assess these measurements for their effect on
global climate. Because the measurements are baseline in
nature, these data are collected at remote locations far removed
from pollutant sources so that global levels may be monitored.
GMCC maintains observatories at these locations: Point Barrow,
Alaska; Mauna Loa, Hawaii, Cape Matatula, American Samoa;
and Amundsen-Scott South Pole Station, Antarctica. Measure-
ments obtained at these stations are being used to determine
whether gases or particulates introduced into the atmosphere
by natural causes or human activities are significant in their
effect on climate and, if so, to determine the anthropogenic
impact related to those changes (Mendonca 1979; Herbert 1980;
DeLuisi 1981).

The South Pole Station GMCC observatory continued normal
operations during the 1982-1983 season. The various GMCC and
GMCC-cooperative projects were performed and maintained by
Russell Brainard, Lt NOAA Corps, who served as chief observer;
Gregory Seidelberg, an electronics technician, who was present
for the austral summer only, and Steve Fahnenstiel, a physicist,
who worked on the project from January until November. All
GMCC projects were carried out at the clean-air facility. The
clean-air facility is situated 92 meters upwind of the nearest fuel
arch and over 200 meters upwind of the geodesic dome. The
clean-air facility is isolated upwind of the main station to avoid
local contamination from the station power plant and other
activities.

The next several paragraphs contain a brief summary of the
type of measurements made by the GMCC program at the South
Pole during the 1982-1983 season.

Carbon Dioxide. Continuous carbon dioxide measurements
were made with an ultrarot absorbtion Schreiber (uRAs) 21
nondispersive, infrared gas analyzer. Discrete samples using

0.5 liter glass flasks were alternately taken through the analyzer
(same sampling lines as used for continuous measurements)
and from the clean-air facility roof using a portable pressurizing
pack (P3 sampler). The 0.5 liter flask samples were taken week-
ly. In addition, discrete samples using 5 liter evacuated glass
flasks were taken twice monthly from the clean-air facility roof
for Scripps Institution of Oceanography.

Aerosols. A General Electric condensation nuclei counter
(GECNC) was used to make continuous measurements of Aitken
nuclei concentrations. Discrete condensation nuclei observa-
tions were made twice daily with a Pollak counter. These obser-
vations were used as a calibration standard for the GECNC. Con-
tinuous measurements of aerosol light scattering properties
were made using a four wavelength nephelometer.

Meteorology. Continuous measurements of wind direction
and speed, snow temperature, air temperature, frost-point
temperature, and barometric pressure were made.

Solar Radiation. During the austral summer, continuous mea-
surements were taken of direct (normal incidence) spectral irra-
diance and global (horizontal incidence) spectral irradiance.
Direct irradiance was measured with two Eppley normal-inci-
dence pyrheliometers (NIP'S) on an equatorial mount. One of the
NIP's had an RG-8 filter. Discrete direct irradiance observations
were made three or four times daily under clear sky conditions
using a NIP with a filter wheel (with quartz, OG-1, RG-2, and
RG-8 filters) attached. Global irradiance was measured using
three Eppley global-spectral pyranometers with quartz, OG-1
and RG-8 filter domes. Snow-surface albedo measurements
were made using three down-facing Eppley global spectral
pyranometers with quartz, OG-1, and RG-8 filter domes. At-
mospheric turbidity was measured discretely 3-4 times daily
under clear sky conditions using two dual wavelength (380 and
500 nanometers; 778 and 862 nanometers) sunphotometers.
Terrestrial (infrared) radiation was measured for the first time
during the austral winter using an Eppley pyrgeometer. Total
slant path atmospheric water vapor content was measured dis-
cretely using an infrared solar hygrometer.

Ozone. A Dasibi ultraviolet ozone monitor was used to make
continuous measurements of surface ozone. Total ozone mea-
surements were taken three times daily during the austral sum-
mer using a Dobson spectrophotometer. During the winter,
focused-image moon observations were made whenever condi -
tions allowed.

Halocarbons. Discrete samples of outside air were collected
and pressurized in 0.3 liter stainless steel cylinders which were
sent to GMCC personnel in Boulder to be analyzed for tn-
chiorofluoromethane (F-il), chlorodifluoromethane (F-12), and
nitrous oxide (N20). This was done weekly during the austral
summer and monthly during the austral winter.
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Methane. As a new cooperative project for the National Center
for Atmospheric Research, methane concentrations were meas-
ured daily using a baseline portable gas chromatograph. In
addition, weekly flask samples were taken and sent to the
National Center for Atmospheric Research for analysis.

Carbon 12113. Two 10-liter stainless steel cylinders were filled
each month and sent to the U.S. Geological Survey in Denver,
Colorado to be analyzed for the carbon 12/13 ratio and methane.

Fluorocarbons. Two pairs of stainless steel flasks were filled
and pressurized each week and sent to the Oregon Graduate
Center to be analyzed for fluorocarbons and other trace gases.

Snow acidity. Weekly samples of fresh snow were taken up-
wind of the clean-air facility. The samples were sent to NOAA'S

Mauna Loa Observatory for analysis.
Atmospheric chemistry. Weekly, bimonthly, and tn-monthly

filter samples were taken for the University of Maryland, Uni-
versity of Arizona, University of California, Berkeley, State Uni-
versity of New York, Albany, and the U.S. Department of Ener-
gy. These filter samples were all sent to their respective institu-
tions for analysis of the particulates found over the south polar
plateau.

The GMCC Program at South Pole Station is operated by the Air
Resources Laboratory of NOAA with support from the National
Science Foundation. For additional information and a review of
all activities since 1972, see GMCC program summary reports
1-12. In addition to data acquisition and archival work, the
GMCC organization is actively involved in atmospheric research.
Data analysis and interpretation and research publications are
part of the continuing work performed at the Environmental
Research Laboratories located in Boulder, Colorado.
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Boundary layer air chemistry research
at the South Pole

E. ROBINSON and D. R. CRONN

Laboratory for Atmospheric Research
College of Engineering

Washington State University
Pullman, Washington 99164-2730

second). In the laboratory, instrument problems developed in
the CO2-CH4-CO gas chromatograph and replacement parts
were not available to repair the unit. Thus, there are no profile
data for these three trace gases.

The table presents the F-12 and N 20 concentration data for
two of the 19 profiles obtained with the tethersonde during this
past field season. Flight 4 was made on 13 December 1983 and is
an example of profiles obtained during synoptic conditions that
produced air-mass transport from the region of the antarctic
plateau. The profile for F-12 shows generally decreasing con-
centrations with altitude between the 1-meter and 110-meter

The objective of the first year of this 2-year research program
was to carry out a study of atmospheric trace gas concentration
profiles in the boundary layer at the South Pole. The trace gases
of interest included the halocarbons trichiorofluoromethane
(F-il) and dichiorodifluoromethane (F-12), carbon tetrachloride
(CC14), methyl chloroform (CH3 CC!3), nitrous oxide (N20), car-
bon dioxide (CO2), carbon monoxide (CO), and methane (Cl-I4).

The field program was carried out at the South Pole between
10 November 1983 and 22 January 1984. The major pieces of
laboratory equipment included two gas chromatographs, one
for halocarbons and N 20 and one for CO2, CH4, and CO. and a
tethersonde system for profile sampling and meteorological
profiles. The first tethersonde flight for meteorological data
(i.e., wind and temperature) was made on 17 November 1983,
and the first successful trace-gas profile was obtained on 25
November 1983. The trace gas profile study was set up and
operated from space in the clean-air facility. The profiles were
obtained from a location on the edge of the clean air sector near
the clean-air facility.

The meteorological conditions at the South Pole during the
1983-1984 season were unusual because there were frequent
periods of strong winds. The winds limited tethersonde opera-
tions, because the balloon's flight was unstable when the sur-
face wind exceeded about 10 to 12 knots (5 to 6 meters per

Low-level profiles for fluorocarbon-12 and nitrous oxide at the
South Pole, 1983

Fluorocarbon-12	Nitrous oxide
Flight number	Height	(in parts	(in parts

and date	(in meters) per trillion)	per billion)

Flight 4	 110	 326.1	 303.1
13/12/83	 90	 329.4	 302.1

	

80	 329.0	 305.5

	

50	 326.6	 303.5

	

20	 330.7	 302.9

	

15	 328.7	 303.1

	

5	 328.1	 303.1

	

330.7	 302.8

Flight 9	 100	 333.7	 306.8
28/12/83	 80	 334.0	 304.6

	

50	 334.2	 305.5

	

20	 330.9	 304.4

	

10	 332.8	 305.4

	

5	 333.3	 305.2

	

1	 335.5	 307.2

	

0	 335.8	 309.1

2031984 REVIEW



heights. The table also shows the F-12 and N 20 data from flight
9 flown later in the season on 28 December 1983. The synoptic
conditions during this period were such that the station was
under the influence of air-mass transport from the Weddell Sea
region. This influence created a strong surface-layer gradient
for both F-12 and N 20 and then generally increasing con-
centrations above the 20-meter level. In the former profile, flight
4, lower-level gradients were not well defined while above
about 20 meters F-12 concentrations tended to decrease; N20
showed no clear trend with increasing height. In terms of con-
centrations, the average values for both F-12 and N 20 were
higher for flight 9 with the Weddell Sea air mass transport than
for flight 4 with flow from the antarctic plateau. However, it is

too early in our study of these data to determine whether this is
a consistent pattern for the 1983-1984 observations.

The analysis of the South Pole profiles is proceeding. Using a
computer file of the individual samples a variety of statistical
procedures will be used to examine the data. Averages, correla-
tions, and identifiable patterns will be sought and subjected to
statistical significance testing.

The field program at the South Pole was carried out by Fred
Menzia and Matthew Loizeaux with assistance early in the
season from Elmer Robinson. Special thanks are due to the
National Oceanic and Atmospheric Administration/Global
Monitoring for Climate Change staff and their assistance to our
laboratory operations in the clean air facility.

Variability of methane and carbon
monoxide at the South Pole

M. A. K. KHALIL and
R. A. RASMUSSEN

Department of Chemical, Biological, and Environmental Sciences
Oregon Graduate Center
Beaverton, Oregon 97006

It is apparent that the global atmospheric concentration of
methane is increasing steadily, and now there is reason to
believe that the levels of carbon monoxide may also be rising in
the northern hemisphere (Rasmussen and Khalil 1981; Khalil
and Rasmussen 1984). If methane builds up to sufficiently high
concentrations in the atmosphere, it may add to the warming of
the Earth (the greenhouse effect) and affect climate, it may
increase ozone in the troposphere; and it may protect the strato-
spheric ozone layer from destruction by man-made chlorine-
containng compounds such as the fluorocarbons (Rasmussen
and Khalil 1982). By a series of chemical reactions starting with
hydroxyl radicals, much of the methane in the troposphere is
converted to carbon monoxide. Therefore, the increase of meth-
ane can also add increasing amounts of carbon monoxide into
the atmosphere. Increasing levels of carbon monoxide (and
methane) may in turn deplete hydroxyl radicals in the tro-

posphere, disturbing the cycles and removing dozens of natural
and anthropogenic trace gases. Since the atmospheric lifetime
of carbon monoxide is relatively short, much of the enormous
anthropogenic emissions in the northern hemisphere do not
reach the South Pole. The atmospheric reactions of methane
may therefore provide most of the carbon monoxide observed
in Antarctica. The global atmospheric lifetime of methane is
about 8 years, which means that distant anthropogenic sources
have a large effect on the trend observed deep in the southern
hemisphere. In this paper we will discuss the trends and sea-
sonal cycles of methane and carbon monoxide observed at the
South Pole.

During austral summer 1983-1984, we obtained three air sam-
ples from the South Pole every 2 days. The observed con-
centrations of carbon monoxide and methane (in figure 1) show
a part of the natural seasonal cycle. The line in the figure for
methane is obtained from a mass balance model described in
detail by Khalil and Rasmussen (1983). The model consists of
four latitudinally separated regions and includes the effects of
transport and chemistry of trace gases in the atmosphere. The
seasonal variations of methane result from the estimated cycle
of hydroxyl radicals (Logan et al. 1981). The production of
hydroxyl radicals requires sunlight, which is most abundant
during the austral summer. The increasing levels of hydroxyl
radicals in the summer drive down the concentrations of meth-
ane and probably the concentrations of carbon monoxide. The
cycles of carbon monoxide and methane at the South Pole are
closely related by the production and destruction of these gases
leading to a high correlation between the observed con-

The increase of methane and carbon monoxide at the South Pole

bC (in parts per billion
C0a	 r 	 by volume per year)d	 13c (in percentage per year)

Standard	Nonparametric	Standard	Nonparametric

Methane	 1483
Carbon monoxide	 39

	

0.997	17.4(±1.4)	 17(±1.5)	 1.2(±0.1)	 1.2(±0.1)

	

0.84	 2.1(±2.2)	 1.8(0.5,4)	5.1(±5.4)	 5.5(1,10)

a C0 is the concentration in the base year (1979 for methane, 1980 for carbon monoxide) estimated from linear least squares analysis.
b r is the correlation coefficient between concentration and time.
C b and 13 are rates of increase, and the ± values are 90 percent confidence limits.
d 1 part per billion by volume means 1 molecule of gas per billion molecules of air.
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Figure 1. Seasonal variation of carbon monoxide (CO) and methane
(CH,) at the South Pole. The data show parts of seasonal cycles
driven by the natural seasonal variations of hydroxyl radicals that
remove carbon monoxide and methane from the atmosphere. The
line in the figure for methane is from the model described by Khalil
and Rasmussen (1982) and reflects the expected variation of meth-
ane caused by the cycle of hydroxyl radicals. ("ppbv" denotes parts
per billion by volume.)

centrations (r = 0.86, r> 0 at a < 0.05; Snedecor and Cochran
1972).

On a longer time scale the concentration of methane is seen to
be increasing steadily at the South Pole, although the rate of
increase varies somewhat from year to year; the concentration of

carbon monoxide also may be going up, but the evidence is only
marginally statistically significant. In figure 2 the monthly con-
centrations of methane and carbon monoxide are shown. The
concentrations of methane and carbon monoxide at comparable
seasons are respectively about 8 percent and 50 percent less at
the South Pole than at mid-northern latitudes (Oregon: 45°N).
We analyzed these data to estimate the trends by both non-
parametric and standard statistical methods. The results are
summarized in the table (Snedecor and Cochran 1972; Hol-
lander and Wolfe 1973).

On average at the South Pole, methane increased at about 1.2
percent per year over 5 years. After 2 more years of measure-
ments, this average rate continues to be exactly the same as we
reported earlier (Khalil and Rasmussen 1983), although the
uncertainty of the average rate has become even less. These
increases may be caused mostly by increasing emissions (Khalil
and Rasmussen 1983). The increase of methane at the South
Pole appears to be a little slower than at mid-northern latitudes;
this may be caused by differences in the rates of increase of
emissions (or changes of hydroxyl radicals) between the two
hemispheres.

The average trend of carbon monoxide at the South Pole turns
out to be about 5 percent per year, but statistically we cannot
place much confidence in this estimate since even at best the
approximate 90 percent confidence limits are between 1 percent
and 10 percent per year. The entire case for the increase of
carbon monoxide at the South Pole is only marginally signifi-
cant (a = 0.05). Increases of about 1 percent per year can be
explained by the increase of methane provided that methane
contributes most of the carbon monoxide observed at the South
Pole. A faster increase cannot be easily explained on the basis of
anthropogenic causes. At present there are enormous uncer-
tainties in evaluating the trend of carbon monoxide, especially
at the South Pole, since data are sparse and concentrations are
low, variable, and subject to various experimental uncertainties.

This work was supported in part by a grant from the National
Science Foundation (DPP 81-08684). Additional assistance was
obtained through Biosphenc Research Corp. and the Andarz
Co. We thank National Oceanic and Atmospheric Administra-
tion/Global Monitoring for Climate Change for collecting air
samples.
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Measurement of the column densities
of water, nitric acid, ozone, and

fluorocarbons 11 and 12 during the
antarctic winter

D. C. MuRcRAY, F. H. MuRcRAY, and F J. MURCRAY

Department of Physics
University of Denver

Denver, Colorado 80208

The column densities of several minor atmospheric constitu-
ents—water (H 20), nitric acid (HNO 3), ozone (03), fluorocar-
bon-11 (CF 2C1 2), and fluorocarbon-12 (CFC1 3)—are expected to
change over the course of the antarctic winter. The H 20 densities
are strongly sensitive to ambient temperature; the other constit-
uents are involved in stratospheric photochemistry and hence
are subject to alteration in concentration by the absence of solar
photon input for an extended period

A spectral radiometer is being readied for installation at South
Pole Station during the 1984-1985 austral summer to measure
the column densities of these gases by analysis of their thermal
emission spectra. This instrument will operate through the 1985
austral winter.

The radiometer is a 1.25-meter grating spectrometer using
three detectors, each operating in one of the first three orders of
the grating. The grating is blazed for maximum efficiency at 22

micrometers in the first order, and hence peaks at 11 microme-
ters in the second, and 7.3 micrometers in the third order. Order
sorting is accomplished with optical filtering at the detectors.

The range of wavelengths resulting from the three channel
operation gives optimum sensitivity for HNO 3 and the fluo-
rocarbons, and also covers a wide range of H 20 line strengths.
The optimum detectors for the spectral region covered require
cooling below 200 Kelvin. Liquid cryogents are not practical for
winter-over operations, so the system is equipped with a
closed-cycle helium refrigerator which will maintain the detec-
tors at 9°Kelvin.

The spectrometer and low-signal level electronics will be
mounted outside. Insulation and thermostated heaters will
provide suitable temperature environments where required,
but the instrument will follow the ambient temperature.

The high-level electronics, data recorders, refrigeration com-
pressor, etc., will be housed inside the clean-air facility.

Instrument operation is totally automatic under control of a
microprocessor. A sequence of spectral scans will be performed
at 8.5-hour intervals. Between spectral scans the radiance at key
wavelengths will be sampled once each second. The data will be
recorded in digital form on two 67-megabyte tape cassettes
which can store the winter's data without replacement.

Once the system is installed and checked out, human inter-
vention will not be required, except in the case of malfunction.
Data from the 1985 winter will be evaluated in November, and
based on this evaluation, the instrument will either be refur-
bished for another winter's operation or retrograded for
modification.

This work was supported by National Science Foundation
grant DPP 81-18005.

Atmospheric submicron particle
collection at South Pole Station,

1983-1984

Westinghouse Research Laboratories
Pittsburgh, Pennsylvania 15260

A device built at the Westinghouse Research Laboratories for
collection of particles by electrostatic precipitation (figure 1) was
installed in the clean-air facility at Amundsen-Scott South Pole
Station in December, 1983. The collector is designed to be most
efficient for collection of particles 0.3 micrometer in diameter
but will accumulate particles with decreasing frequency toward
its lower and upper limits of about 0.01 and 1 micrometer,
respectively. It is hoped that some fraction of the particles col-
lected by this device will prove to be of extraterrestrial origin.

With increasing availability of methods useful in analyzing
tiny particles there has been a resurgence of interest in cosmic

Figure 1. The electrostatic precipitator. The air Intake is at left, and
an exhaust fan is at right. The walls of the main chamber are plex-
iglass, therefore parts of the Interior can be seen. A 0.006 inch (0.15
millimeter) tungsten wire, maintained at a high-voltage potential,
extends across the left part of the main chamber and provides a
negative-charge ionization source for air molecules. Dust particles
pick up static charges from collisions with charged air molecules.
To the right side of the main chamber are nine 1.75 x 5 inch (4.45 x
12.7 centimeter) sampling plates arranged three across on each of
three shelves; these are maintained at a high positive charge, to
attract the negatively charged dust grams to the collecting surfaces.
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dust collection (cf., Brownlee et al. 1980; Clanton, Gooding, and
Blanchard 1982). To our knowledge, however, no one else cur-
rently is seeking to find and characterize individual cosmic dust
particles in the submicron size range. We feel that in this size
range absolute numbers of extraterrestrial particles may be
greater, and that the character of these particles may be different
in one or more ways. We hope such differences will provide
insights into the source(s) of the particles.

The particle trapping technique used in our collector is de-
signed to minimize contamination after collection and avoid
problems connected with locating and physically transferring
submicron-size grains (figure 2). Preliminary examination of
plates exposed during December 1983 and January 1984 indicate
that the collector is operating as planned: a large number and
variety of particles were collected, and most were submicron in
size. Initial single-particle analyses indicate the presence of
sulfuric acid droplets (volcanic), fly ash (fossil-fuel burning),
and one fragment of a siliceous radiolarian shell (marine con-
tamination). Two additional particle types of unknown origin
are quite abundant: tiny grains containing calcium and sulfur,
and somewhat larger grains of iron or iron oxide composed of

aggregates of needle-like crystals (figure 3). Whether or not
these are extraterrestrial is still an open question, but they do
indicate that the method is capable of capturing very tiny, very
fragile grains. Collections are continuing during the austral
winter.

This work has been supported by National Science Founda-
tion grant DPP 78-21104. We wish to acknowledge a very satisfac-
tory and fruitful collaboration with Gaylord Penney and James
Hoburg of Carnegie-Mellon University and Raymond Sloss of
Westinghouse Corporation in the design and construction of
the dust collector.
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7t Figure 3. STEM photos of collected dust grains. Sphere is a fly ash
particle 1.5 micrometers in diameter. Needle-like crystalline aggre-
gates show only an iron peak on analysis, therefore are iron or an
iron compound. Selected-area-diffraction, (SAD) measurements
suggest it is either goethite (FeO.OH) or magnetite (Fe304). The very
small, more equidimensional grains show peaks due to calcium and
sulfur.

Air chemistrychemistry monitoring at Palmer
Station

E. ROBINSON, D. R. CRANN and W. L. BAMESBERGER

Laboratory for Atmospheric Research
College of Engineering

Washington State University
Pullman, Washington 99164-2730

The objectives of the 1983-1984 phase of this research pro-
gram, covering the fourth year of the program and the begin-
fling of the third year of field operations, were to continue the
operation of the Palmer air chemistry station and to continue the
analysis of the data being produced by the Palmer Station pro-
gram. Previous annual reports have described the establish-
ment and operation of the station. During 1983, the instrumen-
tal operations at Palmer Station proceeded with relatively little
instrumental down time during the winter period. Crews were
changed in December 1983 and the instrumentation was im-
proved by the installation of weather instruments that are re-
corded by the air chemistry data system and integrated into the
computerized data record. The recorded weather data include
wind speed, wind direction, air temperature, dew point, and

barometric pressure. Hourly values are recorded by the data
system to coincide with the hourly air chemistry data. In Janu-
ary 1983, the carbon monoxide channel of the Cane gas chro-
matograph was upgraded, and during 1983 essentially a full
year of carbon dioxide data was obtained. In addition, during
the period of January to March 1984, a program of precipitation
chemistry was carried out at Palmer Station using the station
laboratory facilities to determine the pH, acidity, and several
inorganic constituents of rain and snow at the station.

Data covering approximately the first 20 to 22 months of
routine operation of the sampling station are available for this
status summary. The halocarbon and nitrous oxide data given
here consist primarily of weekly average results beginning with
the week of 4 April 1982 through the week of 4 December 1983, a
total of 89 weeks. The carbon dioxide/carbon monoxide/meth-
ane data begin with the week of 31 January 1982, but the period
from 17 July 1982 until 15 January 1983 is missing because of
instrument problems during the winter. These sequences of
data were obtainedd from the HP-85 data tapes returned to
Washington State University for processing. Approximately a 4-
week break occurred in the record in December 1982 and Janu-
ary 1983 while the system was being refurbished.

Table 1 shows the results of a time-trend regression analysis
of the average weekly data for the Palmer Station record cover-
ing the period from the start of operations through the week of
11 December 1983. These concentration data are expressed as
mixing ratios with reference to dry air. Standardizations and
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average mixing ratio	 Annual time

week of 9 January 1983
	

trend b,
Constituent Correlation	 Data

coefficient	 period

Table 1. Trace atmospheric constituent mixing ratio resuitsa,
Palmer Station, Antarctica

January 1982 through December 1983

0.97
0.99
0.91
0.81
0.84

CCI3F (F-1 1)
CCl2F2 (F-12)
Methyl chloroform
Carbon tetrachloride
Nitrous oxide
Carbon dioxide
Methane
Carbon monoxide
Ozone
Aitken particles

189.8 pptd	 +8.9±0.2 ppt/yre (47%)
314.4 ppt	 + 12.4±0.2 ppt/yr (3.9%)
118.6 ppt	 + 7.8±0.3 pptlyr (6.6%)
148.9 ppt	 + 2.4±0.2 ppt/yr (1.6%)
301.6 ppbt	+3.0±0.2 ppb/yr9 (1.0%)
337.4 ppm h	 -i

1.51 ppm	 -i
57 ppb	 -i

10-30 ppb (approximate annual range)
200-1,000 CN/mek (approximate annual range)

4/4/82-11/12/83
Ft

31/l/82-11/12/83)

24/1/82-11/12/83
24/1/82-11/12/83

a Expressed on a dry-air basis.
b Based on weekly average data, percentage calculated from observed data for week of 9/1/83.
c ±1 standard error.
d Parts per trillion.

Parts per trillion per year.
Parts per billion.
Parts per billion per year.
Parts per million.

'Pronounced seasonal cycle precludes estimation of useful annual trend.
No samples for period 18 July 1982 through 18 January 1983.

Ic Condensation nuclei per milliliter.

other system checks are an on-going activity at this time so these
data should be considered as preliminary, although any
changes are not expected to be large.

The data in table 1 show that for each of the compounds being
measured there is an increasing annual trend. The indicated
time trends are generally attributed to the accumulation in the
atmosphere of anthropogenic emissions of these very slow re-
acting compounds. It should be noted that these time trends are
significantly greater than the calculated standard errors in the
regression calculation. The two chlorofluorocarbons, F-li and
F-12, showed increasing concentration trends of 4.7 and 3.9
percent respectively. These rates of increase are significantly
less than were found during the mid 1970's in Antarctica but are
in line with more recent global data.

By using the hourly air chemistry data in conjunction with
meteorological observations, the effects of changing synoptic
weather conditions can be seen on the trace gas concentrations
observed at Palmer Station. The figure shows one such event
which occurred over a 4-day period beginning at midnight, ii
October 1983. As the pressure and temperature records indi-
cate, a sharp cold front passed the station at about 2000 IT on 11
October. This frontal passage was accompanied by a drop in the
ozone concentration from about 25 parts per billion prior to the
front to less than 10 parts per billion a few hours after the
passage. The nitrous oxide record had a steady downward
trend after the frontal passage, as shown by the bottom part of
the figure. The other trace gases, e.g., F-il and F-12, also
showed decreasing concentrations similar to that of nitrous
oxide. Wind direction shifts indicated that this cold front proba-
bly brought an antarctic air mass over the station. The fact that
the ozone concentration drops with the frontal passage would
seem to indicate that a stratospheric intrusion was not a signifi-

cant factor in this situation. Other frontal passages at Palmer
Station have been accompanied by a sharp increase in ozone
and decreases in trace gas concentrations. Explanations for
these apparent impacts of synoptic weather events on the trace
gas concentration patterns will be sought in our more detailed
study of the Palmer Station data set.

In the precipitation chemistry program, rain and snow sam-
ples were taken of each precipitation event occurring between 1
January and 30 March 1984. A modified Hubbard-Brook collec-
tor was used consisting of a polyethylene-lined, stainless-steel
funnel set on a Nalgene base connected with Tygon tubing to a
Nalgene sample bottle. Covers were available to ensure that
wet-only samples were collected and to avoid contamination
from one event to another. The samplers were rinsed between
each sampling event with a dilute sulphuric-acid solution and
then thoroughly washed with distilled water. Covers then re-
mained on the samplers until the next sampling event. In the
cleaning process the pH of the final rinse water was checked and
compared to the pH of the distilled water to ensure that all of the
acid was removed. To ensure that the polyethylene and Nalgene
were not acting as ion-exchangers or sinks, the final rinse of
randomly selected samples was analyzed for the same param-
eters as the rain and snow samples. The rinses did not contain a
significant amount of any of the ions measured.

Rain samples were analyzed for pH and acidity immediately
following an event. Snow samples were taken inside, allowed to
melt, and then analyzed for pH and acidity. The samples were
then placed in a 4°C refrigerator and analyzed for potassium in
January; potassium, sulfates, chlorides, and calcium in Febru-
ary; and chloride and calcium in March. These analyses were
performed weekly. A summary of the values obtained is shown
in table 2.
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Table 2. Palmer Station precipitation chemistry

Summary of volume-weighted means
Month	 Amount	 pH	Acidity	Potassium	Sulfate	Chlorine	Calcium

January	343 mla (0.17 in	4.78	_C	0.35 ppm	 -	 -
February	6399 ml (3.20 in)	4.54	4.39	0.52 ppm	7.99 ppm	10.03 ppm	0.93 ppm
March	5785 ml (2.89 in)	5.57	2.57	 -	 -	 8.54 ppm	1.37 ppm

Milliliter.
Inch.
Not measured.

d Parts per million.
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In these results it is considered important that the precipita-
-2	•	 . •••	 .	lion pH in January and February is lower than would occur due

just to carbon dioxide equilibrium, and in February the ratio of
— 8- 	•. .• • •.	 sulfate to chloride is significantly greater than the ratio found in

sea water. It might be reasonable to suspect a biogenic marine
o	 TEMPERATURE	 sulfur compound emission on the basis of these data. They are

- 14-	 obviously limited however. This precipitation program sam-
pling will be repeated in 1984-1985.
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Upper atmosphere studies__________________

Riometry in Antarctica

D. L. DETRICK and T. J. ROSENBERG

Institute for Physical Science and Technology
University of Maryland

College Park, Maryland 20742

The University of Maryland's antarctic riometer program is
one of several projects involved in the study of the Earth's upper
atmosphere and magnetosphere in polar regions. The upper
atmosphere environment under investigation begins with the
D-region ionosphere, at about 40 kilometers altitude, and ex-
tends upward to include the near-space regions of the geomag-
netic field, out to distances of several Earth radii. The Earth's
ionosphere provides a "window" for examining physical pro-
cesses that occur within and outside the upper atmosphere.
One of the principal studies of this region involves analysis of
the causes and effects of electron precipitation; some of the
effects of this precipitation include auroral activity, magnetic
variations, and disruption of radio communications. In par-
ticular, it is important to determine how these effects are related
to the occurrence of magnetic storms and substorms and how
solar wind plasma and magnetic field energy are coupled to the
magnetosphere.

The nometer is a type of sensitive radio receiver that is tuned
to a particular frequency of the spectrum of cosmic radio noise
emanating from the galaxy. The frequencies selected are par-
ticularly susceptible to absorption by electron density enhance-
ments in the D-region ionosphere, caused by electrons pre-
cipitating into the atmosphere. While auroral displays can be
visually examined only in darkness, the riometer makes use of
the perturbations in radio-wave propagation to measure the
intensity and time development of electron precipitation. In
common use, the nometer operates continuously, providing
data when some other types of instrumentation cannot.

The University of Maryland operates riometers at several
antarctic locations, including South Pole Station and McMurdo
Station. In conjunction with AT&T Bell Laboratories, we have
maintained a 30 megahertz riometer at Siple Station and at
several locations in the Siple conjugate region for several years.
At South Pole Station, three riometers are in operation, at 20.5
megahertz, 30 megahertz, and 51.4 megahertz. At McMurdo
Station, two riometers operate at 30 megahertz, and 51.4
megahertz.

Our scientific studies during the past year have emphasized
investigations of the electron intensity and spatial distribution
in high latitude precipitation spikes (Imhof et al. in press), the
ionospheric signatures of the dayside polar cusp (Rosenberg et
al. 1984), and the characteristics of morning sector long-period
(Pc 5,6) magnetic and absorption pulsations at the equatorward
edge of the diffuse aurora (Oksman et al. 1984).

During the 1983-1984 austral summer season, T.J. Rosenberg
(principal investigator), L. Lutz, and D.L. Detrick participated
in the University of Maryland's activities in Antarctica, arriving
in McMurdo on 8 January and departing on 21 January. C.G.
Maclennan, from AT&T Bell Laboratories, provided support for
our activities.

The emphasis during this time was placed principally on
activities at McMurdo Station. In support of upper atmosphere
research activities at locations where its riometers are installed,
the University of Maryland provides a digital data-acquisition
system to record data in a computer-compatible format. In past
years, only the signals from the two riometers were recorded at
McMurdo Station. During the 1983-1984 season, we assisted
AT&T Bell Laboratories in the installation of a 3-axis fluxgate
magnetometer and Boston College in the placement of a 2-
channel photometer at McMurdo Station. To accommodate the
additional signals, the data-acquisition system at Siple Station,
which was closed down during the season, was relocated at
McMurdo.

During the 1984-1985 summer season, a new facility for up-
per atmosphere research at McMurdo will be constructed at
Arrival Heights. This area was examined to find suitable loca -
tions for the placement of the riometer antennas and the flux-
gate magnetometer.

The winter-over personnel at both South Pole and McMurdo
Stations were provided with additional information on the op-
eration and maintenance of the instrumentation and recording
systems. In addition, computer software support for our pro-
gram at South Pole was upgraded. During the 1984 winter
season, our operations at McMurdo are maintained by B.
McKibben (University of Alaska) and A. Anger (Bartol Research
Foundation). At South Pole, R. Dyson and D. Clements (both of
Bartol Research Foundation) oversee the operation of the pro-
gram. We gratefully acknowledge their support.

This work was supported by National Science Foundation
grants DPP 79-25014 and DPP 83-04844.
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Automatic geophysical observatories
in Antarctica

J. H. DOOLITTLE and S. B. MENDE

Lockheed Palo Alto Research Laboratories
Palo Alto, California 94304

The opportunity to make year-round routine measurements
of geophysical quantities in Antarctica is usually limited to the
few manned sites. When further locations of scientific impor-
tance are considered, it is often difficult to justify the enormous
cost of establishing and operating additional manned stations.
An attractive alternative is to deploy relatively low-cost automat-
ic science platforms that can operate unattended for a year at a
time. The unmanned facilities must provide shelter, heat,
power, and ample data storage for all experiments on board.

Field testing of a prototype automatic geophysical observato-
ry (AGO) began in 1983 near South Pole Station. Built by Lock-
heed Palo Alto Research Laboratory as a multi-user facility, the
AGO provides a room-temperature environment for a comple-
ment of instruments inside a well-insulated 7 x 5 x 6 foot en-
closure (figure 1). Heat and electrical power are provided con-
tinuously by a five-burner thermoelectric generator (TEG) which
burns propane in a flameless catalytic reaction and has no
moving parts. Enough fuel to run the TEG for a year is provided
by 35 100-pound tanks connected in series outside the shelter.
Figure 2 shows the AGO service team connecting the replace-
ment tanks in preparation for the second year of prototype
operations. Since propane is not self-pressurizing at tem-
peratures below - 42°C, dry nitrogen gas is used to push the
liquid through the series of tanks.

A microprocessor-controlled data-acquisition system collects
data for all experiments and provides an accurate digital clock.
The experiments supported during the prototype operation
include two Lockheed photometer channels, two University of
Maryland riometer channels, and five engineering parameters
describing the status of the AGO power and thermal systems.
Analog or digital data from the various experiments is sampled

El

Figure 1. Shelter for prototype automatic geophysical observatory.

Figure 2. AGO service team interconnects 35 replacement fuel tanks
while carpenters refurbish the shelter.

at predefined rates and packed into blocks in solid state buffer
memory. The memory has a 4 megabit capacity and can hold 5
hours of data where the several inputs are sampled at rates up to
8 samples per second. The buffer memory allows the use of
standard 14 track instrumentation recorders operating on a 1
percent duty cycle with a resulting low average power con-
sumption. Two such recorders are operated in parallel to give
redundancy. The tape is recorded one track at a time with each
pass through the reel storing about one month's data. Since the
momentary power demand of the recorders exceeds the lEG
output, batteries are used to supply the needed power capacity.

Several design discrepancies were encountered during the
first year which compromised the unmanned reliability of the
prototype AGO. These included a freeze-up of the exhaust stack,
leaks in the propane service valves, an improperly closing door,
and lack of insulation in one wall. Most of these problems were
corrected by the summer field before beginning the second year
of prototype operations. The AGO is now operating well but has
required the assistance of station power to maintain the battery
charge because of damage incurred by the TEG last year. A
replacement TEG will be installed next year.

Next austral summer an improved thermal control system
will also be installed in the AGO. The new heat exchanger (figure
3) will use a thermostatic control valve to throttle the flow of a
refrigerant fluid from the heat source at the TEG to an exterior
radiator. A fin-to-air heat exchanger will provide a path for heat
to enter the room. A partition will isolate the generator from the
room so that heat can enter the room only by the controlled
path. A portion of the waste heat will also be directed to a special
radiator that will prevent condensation from forming near the
exhaust outlet.
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Figure 3. Reconfiguration of AGO components to include an actively
controlled thermal system.
4-

A final year of prototype field operations will be run at the
South Pole in 1985. Plans then call for putting an AGO into
service at an isolated site near the "Pole of Inaccessibility" begin-
ning December 1986. The proposed location (83°S 48°E) is the
nominal geomagnetic conjugate to Sondre Stromfjord, Green-
land, which is the site of the very high latitude incoherent
scatter radar facility. At the. new AGO site routine geomagnetic
and upper atmospheric observations will be made to measure
the dynamic features of the poleward side of the auroral oval
and the polar cap in conjunction with measurements made in
Greenland. Daily observations of the dayside magnetospheric
cusp will also provide useful data for comparison to similar
measurements made about 1.5 hours later at South Pole Station.

We wish to thank Ralph A. Nobles, Michael Comberiati, and
all other support and winter-over personnel that have contrib-
uted to the AGO refueling and field operations. Development of
the automatic geophysical observatory is supported by National
Science Foundation contract DPP 81-05624.

Mountain-associated infrasonic waves

C. R. WILSON

Geophysical Institute
University of Alaska

Fairbanks, Alaska 99701

Traveling pressure waves with periods of 1-100 seconds were
observed with a spaced array of microplanes at Windless Bight
(77°45'S 167°35'E) near McMurdo Station. The array of micro-
planes used a digital data-acquisition and analysis system. One
class of infrasonic waves, called "mountain-associated infra-
sound waves" (MAw), was observed only from very specific
directions. MAW are thought to be generated in the wind tur-
bulence behind mountain ranges as aerodynamic infrasound.
At Windless Bight there are two direction bands from which
MAW are observed: 130°-160° toward the Antarctic Peninsula
and 330°-350° toward Australia (see figure).

Because I was using only one infrasonic station, it was not
possible to locate the source region of these MAW. Last year at
Tennant Creek in Australia, in association with the Australian
National University, a digital analysis system, identical to that
used in McMurdo Station, was put on-line with an existing
infrasonic microphone array. The addition of this second in-
frasonic observatory should make it possible to triangulate on
the source locations of the tvlAw observed at Windless Bight. The
digital infrasonic data are now being analyzed from Tennant
Creek and Windless Bight to see if mAw have been observed
simultaneously.

During the 1983-1984 austral summer, the infrasonic equip-
ment building at McMurdo Station was enlarged with the addi-

tion of a clean room. The DEC PDP 11/03 microcomputers and
digtal tape drives were moved into the clean room where a
positive ion generator and humidifier are used to prevent com-
puter crashes from static electrical discharges. A new paper-
tape punch was installed in the system so data messages can be
prepared by the off-line computer directly from the magnetic
data tapes.

This reseach is supported by Air Force Office of Scientific
Research under contract number F49620-81-C-0091 and the Na-
tional Science Foundation under grant number DPP 81-21669.

ANTARCTIC INFRASONIC MOUNTAIN-ASSOCIATED WAVES, 1981
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Mountain-associated Infrasonic waves observed at Windless Bight,
1981.
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Cosmic-ray intensity variations

M. A. POMERANTZ

Bartol Research Foundation of The Franklin Institute
University of Delaware

Newark, Delaware 19716

Although several discoveries have resulted this year from our
analytical and theoretical studies of data recorded at our polar
stations during earlier years, the outstanding solar cosmic-ray
event, which occurred on 16 February 1984, was over-
whelmingly the most dramatic in "real time." The largest record-
ed magnitude (205 percent) was, of course, at South Pole Station
(figure 1, left side) which houses the world's most sensitive
ground-based detector of solar cosmic rays. The rise time was
remarkably rapid: the peak was attained in only 8 minutes,
indicating very rapid ejection of the gigaelectronvolt protons.

Although the flare was beyond the limb on the Sun's invisible
disk, we know from observations of solar radio emissions,
which originate high in the corona, and hence are visible from
Earth, that particle acceleration commenced at 0858 universal
time. The particles observed at South Pole Station were clearly
accelerated over a very short interval, since they had to propa-
gate around one-sixth of the Sun's circumference, from about
30° beyond the limb to the foot of the magnetic field line at 60°W
heliolongitude that connects the Sun to the Earth. The com-
parison with the corresponding record for McMurdo (figure 1,
right side) reveals that the solar cosmic ray flux was exceedingly
anisotropic. Finally, this event is the first for which 10-second
resolution data were available, thanks to the University of
Maryland recorder, to which, happily, the cosmic-ray detector
was attached.

We estimate that the peak flux of particles with relativistic
energies (above 1 gigaelectronvolt) which reached the Earth at a
location which looked along the sun-earth interplanetary mag-

SOUTH POLE FEB. 16, 1984	(N. M. )	2 MINUTES

netic field line during this remarkable ground-level enhance-
ment (GLE) was about 300-400 percent above the pre-event
level. No event approaching this magnitude has occurred since
1956, when the fifth GLE exceeding 600 percent was observed.
Thus the 28-year hiatus in blockbuster solar flare particle events
may be nearing an end.

It is also notable that the last four GLE producing flares oc-
curred in the Sun's southern hemisphere, whereas only five out
of the 33 earlier events were associated with southern hemi-
sphere flares. If this persists, it would be indicative of a change
in the Sun's internal structure.

A theoretical breakthrough (Bieber and Pomerantz 1984) was
achieved when analysis of the exceedingly small "steady state"
north-south anisotropy, determined from the neutron monitor
observations over the period 1965-1982 at McMurdo Station,
Antarctica and Thule, Greenland, showed that the relative in-
tensity difference depends upon the polarity of the interplane-
tary magnetic field (IMF). The higher intensity is observed at
Thule when the interplanetary sector is pointing toward the
sun and at McMurdo when it is pointing away. This is consistent
with the origin of the effect arising from B x n drift, where B is
the IMF intensity, and An is the cosmic-ray radial gradient.
However, there was no indication of a dependence on the phase
of the solar cycle or on the polarity of the solar poloidal magnet-
ic field (figure 2). Modulation models in which particle drifts
play a predominant role predict that the radial gradient, and
hence the steady state north-south anisotropy, should differ
radically between epochs of positive and negative solar polarity;
however, this result shows that drifts, a highly controversial
mechanism in cosmic-ray modulation theories, are not a domi-
nant factor in the transport of 10 gigaelectronvolt cosmic rays.

Further study with Australian colleagues (Jacklyn and
Pomerantz 1984, in press; Jacklyn, Pomerantz, and Duldig 1984)
of 27-day waves in the intensity of high energy cosmic rays
detected at Mawson Station, has yielded the significant new
result that there are two components to this strange effect that
had originally been discovered at lower energies from analysis
of the neutron monitor data from McMurdo Station (Duggal
and Pomerantz 1979-a, 1979-b; Duggal et al. 1981; Jacklyn and

MOMURDO FEB. 16, 1984	(N. M.)	2 MINUTES

Figure 1. (Left) The ground-level enhancement of 16 Febraury 1984, as observed by the neutron monitor at South Pole Station. Each data point
represents counts accumulated in 2 minutes. (Right) Same for McMurdo, showing the extremely anisotropic character of this event. ("N.M."
denotes neutron monitor; "UT" denotes universal time.)
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Figure 2. Yearly average north-south anisotropy (N-s) expressed in
a percentage, determined from the observations at McMurdo Station
and Thule. This is an exceedingly small effect requiring sophisti-
cated analytical procedures to extract It from the data. The 17-year
average is 0.059 ± 0.006. The times of polarity reversals of the solar
poloidal magnetic field are marked at the top.

Pomerantz 1983). One is a north-south asymmetry component
which exhibits reversal of phase between the two hemispheres,
while the other is an isotropic component of constant phase.
Figure 3 illustrates the nature of the analysis which confirms
this conclusion and which it is hoped will provide a basis for
theoretical understanding of this phenomenon.

During the 1983-1984 season, the winter observers were
David Clements and Richard Dyson at South Pole Station, and
Alexander Anger at McMurdo Station. John Bieber of Bartol and
Robert Jacklyn and Marc Duldig, Antarctic Division, Depart-
ment of Science and Technology, Australia, have been actively
involved in carrying out this work. This work was supported in
part by the National Science Foundation under grant DPP
83-00544.
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Global scale electric fields

R. H. HOLZWORTH

Space Sciences Division
Geophysics Program

University of Washington
Seattle, Washington 98195

During the months from December 1983 through March
1984, a major long-duration balloon experiment was conducted
in which the electrical properties of the stratosphere were meas-
ured. These balloons were launched from Christchurch, New
Zealand by the National Center for Atmospheric Research
(NCAR) with sponsorship jointly by the National Science Foun-
dation and the National Aeronautics and Space Administration.
The payloads carried experiments designed and built by Cor-
nell University, Utah State University, NCAR, the University of
Washington, and the University of Otago in New Zealand. The
data from six superpressure balloons in addition to the data
from two earlier prototype balloon flights (Holzworth 1983-b)
constitutes the largest vector electric field data set over collected
in the stratosphere. The balloons floated at a 26-kilometer al-
titude and meandered over much of the southern hemisphere
from 39°S to nearly 80°S. The most important result so far
obtained from early data analysis is the observation that the
global source of atmospheric electricity due primarily to world-
wide thunderstorms is highly variable on a day-to-day basis.

The sensors have been described by Holzworth (1983-a,
1983-b). They basically consist of instruments to measure:
• Vector quasi-direct-current electric field,
• Very-low-frequency electric waves from 1-8 kilohertz,
• Cosmic ray ionization rate,
• Positive and negative polar conductivity,
• Optical lightning flash rate,
• Vector magnetic field,
• Air temperature,
• Air pressure, and
• Magnetospheric electromagnetic hiss noise.
During these flights, all on-board instruments performed as
designed with high reliability.

Figure 1 presents a mass plot of the trajectories of the balloons
up to 1 March 1984, including the longest flight, which was over
6 weeks in duration. This data set includes over 180 payload
days with at least one payload up continuously from 13 De-
cember until midMarch 1984; this includes three solar rotations
(four counting the prototype flights).

From early quick-look plots of the data, it was immediately
obvious that the vertical electric fields on two simultaneous
payloads was nearly identical much of the time. Of course,
when any payload was in the vicinity of a thunderstorm (within
100 kilometers) that electric field was dominated by that storm.
Much of the remainder of the time these payloads (even when
separated by over 2,000 kilometers) recorded the same vertical
field. This, then, is an indication of the large-scale southern
hemisphere electric current system. Figure 2 presents the data
from just 2 weeks (all averaged together) when two balloons
measured the same vertical field to within 10 percent. Also
shown is the unitary variation curve (first measured by the ship
Carnegie in the 1920's) of the heavily averaged surface electric
field. Clearly the present measurements are reminiscent of the

.ccT	0'	EAST

"ST	180. €P'

Figure 1. Superpressure balloon trajectories 1983-1984.

expected global variations. The new discovery of this experi-
ment is shown in figure 3. Here we present a week of the data
which went into figure 2. As one can see, the large-scale varia-
tions (seen by two widely separated payloads simultaneously)
vary greatly from day to day. This observation runs counter to
the current lore that the global circuit is more or less consistent
from day to day and that any measured variations are due to
local weather conditions (clouds, haze, aerosols, winds, and the
like). As a result of these observations, many present theories of
global electrification will have to be modified.

I would like to thank my colleagues (B. Edgar, M. Kelley, P.
Kintner, K. Norville, A. Shaw, and R. Williamson) and field
support staff (D. Boulter, T. Onsager, and S. Powell) who helped
make this experiment happen. A special thank-you goes to the

FAIR WEATHER VERTICAL ELECTRIC FIELD
FROM TWO PAYLOADS (10 MIN. AVG.)
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Figure 2. Fair-weather vertical electrical field from two payloads (10-
minute average). ("V/m" denotes volts per minute.)
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NCAR support crew under J. Smalley. This research was sup-
ported by National Science Foundation grant ATM 82-12283.
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extent. In the figure, the X-ray intensity vs. time profiles for the
spike are compared with the cosmic-noise absorption measured
at South Pole Station. The ratio of X-ray counts in channel 2 to
those recorded in channel 1 are plotted in the bottom section of
the figure to provide a measure of the spectral changes with
time. After approximately 2301 UT the riometer absorption de-
creased rapidly while the X-ray fluxes emitted from a large area
at the south polar region remained relatively constant. This
behavior indicates that after occurrence of the spike, the region
of precipitation moved away from the South Pole Station.

In cooperation with T. Rosenberg at the University of Mary-
land, we are now in the process of comparing ground-based
nometer and satellite bremsstrahlung X-ray measurements for
several events in 1982 and 1983. Additional coordinated data are
being acquired in 1984 for eventual analysis. Some of the most
promising times of coordination are listed in table 1.

Comparisons are being made between the bremsstrahlung X-
ray intensities and energy spectra measured from balloons
launched at Siple Station and the precipitating electrons ob-
served from the P78-1 satellite during the 1980-1981 campaigns.
The satellite data were taken with fine angular (approximately
3°) resolution and cover electron energies from 68 kiloelectron-
volts to approximately 1 megaelectronvolts. From the measured
pitch-angle distribution near the edge of the loss cone, calcula -
tions are being made of the expected bremsstrahlung X-ray
production and these are compared with the X-rays observed
from the balloons. Some of the events being studied are listed in
table 2.

Table 2. List of coordinated electron X-ray events being studied

Coordination time	Satellite longitude
Date	 (in universal time)	at 750S latitude

30 December 1980
	

1923
	

86° W
5 January 1981	 1921

	
88° W

6 January 1981
	

0313
	

80° W
13 January 1981	 1917

	
85° W

Coordinated satellite and antarctic
ground-based measurements of

precipitating electrons

W. L. IMHOF and E. E. GAINES

Lockheed Palo Alto Research Laboratory
Palo Alto, California 94304

An electron precipitation event occurred near 2300 universal
time (UT) on 27 June 1982 in the vicinity of South Pole Station; we
investigated it using bremsstrahlung X-ray mapping data taken
from two satellites and using ground-based nometer and mag-
netometer data. This collaborative effort involved scientists
from several laboratories, and the results have been submitted
for publication in the Journal of Geophysical Research (Imhof e' 31
in preparation). The feature of greatest interest was an intense
spike of approximately 10-seconds duration and limited spatial

Table 1. List of time intervals for which coordinated riometer and
X-ray measurements are being analyzed

Time interval of interest
Date	 (in universal time)

3 March 1982	 1041-1047
18 July 1982	 1247-1251
18 January 1983	 1303-1308
18 January 1983	 1438-1443
7 February 1983	 1709-1716
13 February 1983	 0757-0803
15 February 1983
	

0430-0436
20 February 1983	 0039-0043
20 March 1983	 0445-0450
31 March 1983	 1422-1427
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Measurement of ionospheric electron
columnar content changes over

McMurdo Station
D. S. Coco and

J. R. CLYNCH

Applied Research Laboratories
University of Texas

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, the University of Texas at 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 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 about solar maximum
(1979-1983). The data provide an important tool for studying
the morphology and spatial structure of the ionospheric irreg-
ularities in the south polar region.

The NNS'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 hard-
ware retrieves this ionospheric information providing a meas-
ure 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 measure-
ment is provided.

High-resolution differential-Doppler ionosphere measure-
ments were recorded on a regular basis during the period
1979-1983 at McMurdo Station. Since that time they have been
recorded on a more sporadic basis to monitor selected
geophysical phenomena. A subset of these data, consisting of
2,500 passes recorded during the maximum of the solar cycle
(1979-1981), was selected for initial analysis. We have found
that the detection of ionospheric irregularities in this data sub-
set is highly dependent upon the angle between the station-
satellite line of sight and the magnetic field line in the
ionosphere. This finding is consistent with magnetic-field-
aligned irregularities that have been predicted and detected by
other methods. The morphology of these data is currently being
investigated.

A bistatic experiment is planned for the austral summer of
1984-1985 in the McMurdo Station area to assess the usefulness
of comparing simultaneous differential-Doppler data from two
stations to estimate the spatial dimensions of polar ionospheric
irregularities. We plan to place one mobile receiver in various
positions along the traverse from McMurdo Station to Cape
McKay (77.7°S 168.5°E) and another mobile receiver at McMur-
do Station. The two receivers will be separated by 25, 50, and
100 kilometers at various times during the week-long experi-
ment. The two receivers will track the same satellite simul-
taneously but will view slightly different regions of the
ionosphere. These two measurements will provide more infor-
mation on the spatial dimensions of the ionospheric irreg-
ularities than a single measurement, but the undetermined drift
velocity of the irregularities will produce a further ambiguity. If
a value is assigned to either the drift velocity or the size of the
irregularities, the other quantity can be estimated.

Honea and J. Williams operated the ROG equipment and per-
formed the bistatic experiment during the 1983-1984 season.
Antarctic logistic support was provided by National Science
Foundation grant DPP 68-00508.

Use of subionospheric Siple
transmitter signals to study burst

precipitation outside the plasmapause
D. L. CARPENTER and U. S. NAN

STAR Laboratory, Stanford University
Stanford, California 94305

A. J. SMITH*

British Antarctic Survey (NERC)
Cambridge CB3 OET, England

The transient precipitation of particles from the Earth's radia-
tion belts into the ionosphere at subauroral latitudes has been a
subject of major interest to investigators in recent years. Much
related work has been done at Siple and its conjugate, Roberval,
Canada, taking advantage of the extended winter-night observ-
ing opportunities at the high geographic latitude of Siple (76°S)

*present address: Department of Physics, University of Sheffield,
Sheffield S37RH, England.

as well as of the proximity of Siple to the South Atlantic magnet-
ic anomaly. Near the anomaly the orbits of trapped radiation-
belt electrons reach relatively low altitudes, and pertubations of
these orbits through resonant interactions with very low fre-
quency (VLF) waves propagating along geomagnetic field lines
can be expected to produce significant effects as the particles
give up their energy at ionospheric heights. These effects have
been studied using a variety of techniques. In the region pole-
ward of the plasmapause, the precipitating particle energies and
fluxes are often such that the effects can be detected by photo-
meters, riometers, and balloon-borne X-ray detectors (e.g.,
Rosenberg, Helliwell, and Katsufrakis 1971; Helliwell et al.
1980). In this paper we report the use of another method, which
is capable of providing information in extension of and comple-
mentary to the results provided by the other techniques.

The method involves use of the subionospheric signal from
the Siple VLF transmitter as a probe of the Earth-ionosphere
wave guide along paths to stations Palmer, Halley, and South
Pole. The map of figure 1 shows the geometry involved and the
locations of L shells (geomagnetic field lines which extend at
their apex to the number of geocentric Earth radii indicated). In
the directions of Halley and South Pole Stations, the paths will
frequently lie entirely poleward of the plasmapause, while the
path to Palmer will usually lie at least partially beneath the
plasmasphere.

220	 ANTARCTIC JOURNAL



6JUL82	 2145 UT

Figure 1. Map showing great circle paths from the Siple VLF transmit-
ter to receivers at Palmer (PA), Halley (HB), and South Pole (SP)
Stations. Geomagnetic L-shells corresponding to field lines reach-
ing -3, 4, and 5 Earth radii geocentric distance at the equatorial
plane, are indicated. ("km" denotes kilometer.)

The idea of the experiment is that when a wave such as a
lightning-induced whistler propagates along the geomagnetic
field lines, particles of energy exceeding about 50 kiloelectron-
volts are precipitated. Ionization enhancements are thereby
produced near the 85 kilometer altitude of waveguide signal
reflection. These give rise to phase and amplitude changes in
the received signal, which can then be interpreted in terms of
precipitation along the associated path or paths. The power of
the method lies both in the known sensitivity of the VLF to
precipitation effects (e.g., Potemra and Rosenberg 1973), as well
as the ability to observe regions well beyond the areas near the
station that are accessible to other instruments. The location and
size of the region or regions of precipitation can be investigated
further by examining additional signal paths, analyzing the
correlated whistlers for information on their path location, per-
forming comparisons with results from other instruments, and
modeling of the propagation paths.

The method is a relatively new application of the Siple trans-
mitter system and has not yet been employed extensively. Fig-
ure 2 shows an example of whistler-induced perturbations on a
3.79 kilohertz Siple signal received at Halley and South Pole
Stations. The upper panels are amplitude records of the Siple
signal, while the lower panels show, the corresponding broad-
band 0-5 kilohertz VLF activity received at Halley and South Pole
Stations, respectively. The Siple signal appears as a horizontal
line on these records. Arrows between panels C and D show the
occurrence of two whistlers and correlated approximate 20-
percent decreases in Siple signal amplitude.

Figure 3 (a and b) show another analysis of the South Pole
Station data of figure 2, this time employing a technique de-
veloped by E. Paschal (Paschal and Helliwell 1984), in which the
records are processed digitally in a manner that removes tape-
speed variations. A longer period of South Pole Station data is
shown in figure 3c, with corresponding broadband records on
figure 3d. In this case the phase record (figure 3b) has signal-to-
noise properties superior to those of the amplitude data of
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Figure 2. Amplitude (A) perturbations in the form of two -10
second-long -20 percent decreases in a Siple 3.79 kilohertz signal,
observed simultaneously at Halley (a) and South Pole (b). Associ-
ated broadband 0-5 kilohertz spectrograms are shown in panels (C)
and (d). The whistlers trigger very-low-frequency emissions which
then exhibit multiple echoes. ("f" denotes frequency; "iV/M" de-
notes microvolts per minute; "UT" denotes universal time; "HB"
denotes Halley Station; "SP" denotes South Pole Station.)

figure 3a. Note that in addition to the large phase perturbations
marked above panel D, much smaller events, not readily recog-
nized on the amplitude records, can also be identified (arrows
below panel D). Additional analysis of the events of figures 2
and 3 indicates that the precipitation occurred within approx-
imately 250-300 kilometers of Siple and near the path to South
Pole Station. The changes on the signal at Halley may have been
produced by a second precipitation region or by effects of the
region involved in the perturbations at South Pole Station.

Figure 4 shows whistler-related perturbations on Siple sig-
nals received at Palmer during a highly disturbed period. The
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Figure 3. South Pole records of the events of figure 2. Figures 3a and
3b show amplitude (A) and phase, respectively, obtained by Pas-
chal's digital processing method (Paschal and Helllwell 1984). Fig-
ure 3c shows a longer period of phase data, compared to the broad-
band record of figure 3d. ("f" denotes frequency; "kHz" denotes
kilohertz; ".ts" denotes microseconds; "dB" denotes decibels;
"UT" denotes universal time.)
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Figure 4. Phase perturbations (below) on a 2.45 kilohertz (kHz) Siple
signal received at Palmer Station. The whistlers involved in the
precipitation are Indicated by spikes on the 2-4 kilohertz amplitude
chart above. ("V/m" denotes microvolts per minute; "ps" denotes
microseconds; "UT" denotes universal time; "VLF" denotes very
low frequency; "PA" denotes Palmer; "Siple TX" denotes Siple
signal.)

lower panel shows a series of fast phase advances of approx-
imately 8 microseconds on a 2.45 kilohertz Siple signal, fol-
lowed by recoveries lasting approximately 30 seconds. These
occurred in time correlation with whistlers, which are indicated
on the upper record of 2-4 kilohertz as positive spikes. The
events most clearly identifiable as whistlers show a negative
spike as well, followed by a slow recovery. This effect is evi-
dence of temporary suppression of background noise by the
whistler, as discussed recently by Gail and Carpenter (1984).

Vertical lines show the temporal correlation between represen-
tative whistlers and fast phase advances. In this case, amplitude
variations at Palmer were not well defined. Analysis of the
correlated whistlers indicated that the precipitation occurred at
along a geomagnetic field line of L equals approximately 3.3,
near the current outer limits of the plasmasphere, and (figure 1)
near the midrange of the Siple-Palmer path.

Other data (see Gail, Antarctic Journal, this issue) suggest that
observations of this kind can be useful in studying a wide
variety of precipitation phenomena that affect the high-latitude
ionosphere. This type of work is well suited to international
cooperation, since a multi-station approach such as that illus-
trated in figure 1 is required. It is planned to apply the method
on a regular basis during renewed operations at Siple in 1986.

This work was sponsored by National Science Foundation
grants DPP 79-23171, 82-17820, and 81-17092.
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Observations of the midlatitude
ionospheric trough from Siple Station

FT. BERKEY and J. R. DOUPNIK

Center for Atmospheric and Space Sciences
Utah State University
Logan, Utah 84321

Regular observations of the ionosphere from Siple Station
began in January 1982 and continued until just prior to station
closing in January 1984 using a digitally controlled high-fre.
quency radar designed and constructed by the Space Environ -
ment Laboratory of the National Oceanic and Atmospheric
Administration (see Grubb 1979).

The transmitting antenna at Siple is a trapped traveling wave
dipole 670 meters in length which operates over the entire 0.1 to
30 megahertz band and provides illumination over a hemi-

sphere. The absence of a conductive "ground" at Siple makes
this antenna efficient at low frequencies. Since the ionospheric
plasma is a refractive medium at these radio frequencies our
transmitted pulses penetrate the ionosphere and are reflected
from regions where the electron density reaches a value propor-
tional to the wave frequency squared. For example, pulses at 100
kilohertz are reflected at the very low plasma density of 124
electrons per cubic centimeter.

The receiving array consists of eight dipole antennas config-
ured as two concentric square patterns of 100 and 25 meters
width; two arrays are needed to be able to receive at both high
and low frequencies. Echo signals are measured by using a pair
of dipoles (north-south or east-west) simultaneously; each
member is connected to a separate phase coherent receiver and
the outputs are combined in a real-time computer to form an
interferometer. By combining the angles of arrival, time of
flight, and phase measurements, the spatial location and polar-
ization of each of many echoes can be estimated. Repeating the
measurement some tens of milliseconds later permits us to
calculate the differential motion of an echoing region and hence
its apparent velocity vector.
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The radar is operated under computer control and can be
programmed to follow a detailed operating schedule. Normal
operations include both swept frequency (ionosonde) and fixed
frequency sounding modes. A real-time display enables the
operator to "steer" the radar to optimize data quality.

A primary reason for operating at Siple Station is the cooper-
ative study among a number of groups of the interaction be-
tween natural and man-made very-low-frequency (VLF) emis-
sions and the energetic particles in the magnetosphere.
Stanford University, one of these study groups, operates a
powerful VLF transmitter at Siple to provide controlled emis-
sions. These groups also maintain monitoring equipment at the
other end of the field line in Roberval, Canada.

Polar-orbiting satellites and ground-based radar systems
have convincingly demonstrated that a region of anomalously
low electron density is a persistent feature of the nighttime
midlatitude F-region near L = 4 (Muldrew 1965; Stanley 1966;
Bowman 1969; Rodger and Pinnock 1980, 1982; Dudeney et al.
1982, 1983). The location of this regime of depleted plasma,
which has been termed the midlatitude ionospheric trough, is a
function of the level of global magnetic activity (Rycroft and
Burnell 1970) and persists for several hours of local time at any
given longitude (Wrenn and Raitt 1975).

The trough represents a boundary between the relatively
stable midlatitude ionosphere and the highly convective and
unstable auroral ionosphere. Today we understand that the
magnetospheric part of the trough, between the plasmaspheric
boundary and the plasma sheet, represents an accumulation of
events occurring over many days of activity simply because of
the enormous volume of the magnetic flux tubes in the magne-
tosphere. The ionospheric part responds to convective and
chemical activity with a time constant measured in minutes.
Thus, the high- and low-altitude signatures of the same basic
magnetospheric processes can be quite different at a given
moment and yet yield nearly the same statistical locations when
averages are taken over many days or weeks.

Several examples of ionograms recorded when the mid-
latitude trough was nearly overhead at Siple are shown in figure
1. They illustrate the ionospheric signatures associated with the
occurrence of the trough, namely the trough minimum density
echo and echoes from the steep gradient of increasing electron
density at the boundaries of the trough. The low values of
electron density representative of the trough minimum density
are manifest on the ionograms by the F-region traces between
300 and 700 kilometers having critical frequencies less than 1.5
megahertz. Echoes from the boundaries of the trough, where
the ionosphere is markedly denser, are highly spread and have
critical frequencies in the range from 4 to 7 megahertz.

The upper panel of figure 2 shows the distribution in height
and north-south displacement of echoes within the windows
outlined on the ionogram of the lower panel. The window used
in figure 2a filters echoes within the highly spread region of the
ionogram between 1.5 and 4.1 megahertz; auroral echoes are
concentrated 150 kilometers to the south with some additional
(plasmaspheric?) structure well to the north. The data shown in
figure 2b have been filtered through a window centered on the
trough minimum. These data show the trough minimum to be
located about 80 kilometers north (equatorward) of Siple. Off
scale to the left on these averaged ionograms are many echoes
in the ionospheric D- and E-regions from high-energy but low-
flux precipitating particles.

The spatial location of echoes can also be displayed as a map
in the sky overhead of Siple such as in figure 3 for the trough
minimum density region during the 4-interval 0555:52-0559:42
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Figure 3. An overhead map of trough echoes for a 4.8-minute Interval
on 15 August 1982. A single frequency, 1.25 megahertz, and a 400 to
500 kilometer range window were employed. Right slanting symbols
Indicate the preponderance of ordinary mode polarization. ("km"
denotes kilometer; "MHz" denotes megahertz.)

universal time on 15 August 1982; the operating frequency was
1.25 megahertz which is equivalent to a reflecting plasma densi -
ty of about 1.9 x 10 electrons per cubic centimeter. Roughness
of the plasma distribution causes echoes to be observed over a
large area centered about 90 kilometers northwest of Siple.

This work has been supported by National Science Founda-
tion grants DPP 81-00220 and DPP 83-08044. Field operations
were conducted by S.J. Walter (winter 1982), I.L. McNulty
(winter 1983), J.R. Doupnik (November 1982 to January 1983,
December 1983 to January 1984), F.T. Berkey (December 1981 to
January 1983, and January 1983), J. C. Devlin (January 1983), and
G. Duncan (December 1981 to January 1982).
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Simulation of magnetospheric hiss	5 DEC 53	 50	 1444 000T
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R. A. HELLIWELL, J. P. KATSUFRAKIS, D. L. CARPENTER,
and U: S. INAN

STAR Laboratory
Stanford University

Stanford, California 94305

Investigation of the coherent wave instability using the Siple
Station very-low-frequency (VLF) transmitter has led to an inter-
esting new experiment in which magnetospheric hiss is simu-
lated by controlled transmissions. One purpose of the study is
to determine whether the hiss generation mechanism is the
same as that for coherent emissions.

Magnetospheric hiss and chorus emissions are of increased
interest because similar phenomena have recently been dis-
covered in the magnetospheres of Jupiter and Saturn. Hiss and
chorus thus would appear to be present throughout the cosmos
wherever plasmas with magnetic fields exist. Along with other
types of waves, hiss and chorus are believed to play a major role
in the regulation of the radiation belts. They are evidence of an
important physical mechanism for the conversion of plasma
energy to electromagnetic waves.

To simulate the random fluctuations of VLF hiss without
lowering the average power of the Siple transmitter, we em-
ployed a repleated sequence (1 second long) of constant-ampli-
tude 10-millisecond pulses whose frequencies were chosen ran-
domly within a 400-hertz band. Propagation over the magne-
tosphenc paths from Siple Station to Roberval, Quebec was
accompanied by sufficient dispersion to cause appreciable over-
lap in time of pulses at different frequencies. It was expected,
therefore, that when the signal reached the equatorial plane
(main interaction region) the amplitude would show fluctua-
tions in time resembling those in actual random noise.

On several occasions the noise simulation format was suc-
cessfully recorded at Roberval. At times the received signal
spectra were indistinguishable from that of bandlimited white
noise; at other times it contained discrete rising-tone elements
like those found in natural "chorus." Two examples of simulated
hiss are shown in figure 1, where the transmitted "hiss" spec-
trum is displayed just below the received signal at Roberval.
Both show rising emissions beginning at the upper edge of the
hiss band. The only difference between the two formats is that
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Figure 1. Dynamic spectra of simulated hiss experiment. Lower
portions of each panel show the spectrum of the hiss as transmitted
from Siple Station. in the lower panel the frequency sequence Is the
negative (mirror image about the center frequency) of that in the
upper panel. Upper portions of each panel show the spectrum as
received at Roberval, Quebec. Natural hiss is present in the back-
ground. Each spectrum shows rising emissions triggered at the top
of the band, with a tendency for emissions to repeat at the recycling
period of 1 second. ("f(kHz)" denotes frequency in kilohertz; "RO"
denotes Roberval; "UT" çlenotes universal time; "s" denotes
second.)

in the lower one, the sequence of frequencies is reversed. It will
be seen that the triggered emissions in both panels exhibit the 1
second periodicity of the transmitted format. However, the
patterns are not the same in the two panels, thus demonstrating
the sensitivity of the triggering process to the frequency se-
quencing of the 10-millisecond wave packets.

To investigate whether triggering by the simulated hiss
would show a threshold effect similar to that seen in the growth
and triggering of emissions from coherent waves, we employed
the format shown in figure 2. Here the frequency sequencing is
the same as in the upper panel of figure 1, but the signal power
is stepped 2 decibels every 2 seconds; up in the upper panel and
down in the lower panel. It is clear that there was a background
of natural hiss which showed occasional triggering but was not
as active as the manmade hiss spectrum.

Since the pattern of the transmitted 10-millisecond wave
packets clearly affects the triggering, as demonstrated in figure
1, the question arises as to what happens over a period of time
when changing dispersion alters the phase relationships of
adjacent wave packets. An example is shown in figure 3, where
the data in the upper and lower panels were recorded nearly 2
hours apart and at different frequencies. In the upper panel, the
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Figure 2. Same as figure 1 except that the transmitted power is
changed In steps of 2 decibels every 2 seconds, upward to full power
In the upper panel and downward from full power in the lower panel.
Emissions are seen to be triggered only when the transmitted power
Is within 4 decibels of maximum. ("f(kHz)" denotes frequency in
kilohertz; "RO" denotes Roberval; "UT" denotes universal time; "5"
denotes second.)
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Figure 3. Same simulation format as in upper panel of figure 1 begins
at 32.2 seconds, but with expanded frequency and time scales.
Lower portion of each panel shows the amplitude of the envelope of
the received hiss. Spectrum of upper panel (where time is greater
than 32.2 seconds) resembles band-limited white noise, with a 5-
decibel range. Lower panel shows chorus-like structure and a 13-
decibel range. Strong signals prior to 1453:32.2 universal time are
emissions triggered by a single frequency transmitter pulse at 2.6
kilohertz. The triggered "hook" has about the same peak intensity
as the chorus-like elements. ("kHz" denotes kilohertz; "dB" denotes
decibel; "UT" denotes universal time.)

400-hertz simulated noiseband (starting at 32.2 seconds) resem-
bles bandlimited white noise. The 1-second repetition period is
clearly visible in the data. In the lower panel, on the other hand,
there are several well defined rising elements which resemble
those found in natural chorus.

The amplitude chart below the lower spectrum in figure 3
shows the enhancement in intensity of some of these elements,
including evidence of temporal growth. It is postulated that
these chorus-like elements are the result of "splicing" together a
series of 10-millisecond wave packets that happen to have the
frequency and phase relationships suitable for interacting co-
herently with the same counter-streaming electrons. Since such
ensembles of wave packets encounter the rising tone region first
[based on one theory for emission generation in which risers
and fallers are generated on the wave injection and wave recep-
tion sides of the equator, respectively (Helliwell 1967) 1, it is
therefore more likely that this region will produce discrete
emissions. As these fully formed risers travel across the equator
into the falling-tone region, they tend to suppress the growth of
fallers that might otherwise have been created. However, some
falling and constant tones have been observed in the hiss,
indicating that different combinations are possible.

A tentative conclusion from this experiment is that mid-
latitude VLF hiss may be just another aspect of the growth and
triggering mechanism found in coherent signals (for example,
chorus and VLF signals injected into the magnetosphere using
the Siple transmitter).

Further experiments on simulated hiss are planned for the
next phase of our Siple Station operations beginning in January
1986. With the planned improvements in the antenna system,
which will employ two crossed dipoles, it will be possible to
radiate a circularly polarized signal. In this case, we expect to
get a factor of two increase in the effective radiated power,
which will help to ensure that the simulated noise signal will
exceed the threshold for triggering.

Active wave-injection experiments, such as those underway
at Siple Station, will, we believe, play a crucial role in advancing
our understanding of wave-particle interactions in the
magnetosphere.

This work was supported by the Division of Polar Programs of
the National Science Foundation under grants DPP 83-18508 and
DPP 83-17092.
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Growth suppression and sideband
generation by Siple Station transmitter

signals
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Over the past decade, coherent very-low-frequency (VLF)

wave-injection experiments have been carried out using the
Stanford University experimental transmitter located at Siple
Station, Antarctica (750S 84°W) and operating in the 1.5-6 kilo-
hertz range (Helliwell and Katsufrakis 1974; Helliwell 1983). As
depicted in figure 1, VLF signals are injected into the magne-
tosphere from Siple Station and observed at the conjugate point
near Roberval, Canada. In the earlier experiments, roughly
exponential temporal growth was observed to be as much as 30
decibels. Growth was usually followed by the triggering of
emissions, often when no other magnetospheric noise could be
detected at the receiver.

The scope of the coherent wave injection experiments was
increased by the addition of two separate exciter channels,
permitting the use of two frequencies. This led to the discovery
of new aspects of the coherent wave instability such as co-
herence bandwidth, growth suppression, and sideband gener-
ation (Helliwell 1983). Figure 2 shows initial results of an experi-
ment on sideband generation and wave-wave interaction
between two input signals at slightly different frequencies.

The lower panel in figure 2 (see left side of figure, portions
labeled "Al" and "A2") shows the transmitted signal format. In
case Al, a 2.32 kilohertz signal is initiated at the 3-second point
and constitutes the only input signal until the 4-second mark,
when a second signal, at 2.30 kilohertz, is turned on. In case A2,
both signals are turned on simultaneously at the 6-second mark,

but the lower frequency signal is turned off after 1 second. The
middle panel shows the dynamic spectrum of the signal re-
ceived at Roberval, while the upper panel shows the intensity of
the received signal in a 100-hertz bandwidth centered at 2.30
kilohertz. We see that the first signal grows rapidly with time
(approximately 60 decibels per second) prior to the triggering of
a multicomponent emission. Because the growth and triggering
occurs before the turn-on of the second signal, the latter has no
effect on this process. In the second case, however, we see little
growth and no triggering within the first second, apparently
due to the suppression resulting from the presence of the sec-
ond frequency. As soon as the second signal is turned off at the
7-second mark, rapid temporal growth (similar to the first sec-
ond of Al) and emission triggering are observed.

This result demonstrates a very important property of this
wave instability, namely that it is coherent. The presence of a
second signal appears to interfere with the phase bunching of
the electrons by the first signal and significantly reduces the
intensity of the stimulated radiation.

Observations of sideband generation during a closely related
experiment is shown in figure 2 (right side of figure). The format
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Figure 1. Meridian cross-section of the Earth-ionosphere-magne-
tosphere showing a geomagnetic-field-aligned (ducted) signal path
from the Siple Station very-low-frequency transmitter (T) to the
ground receiver at Roberval, Canada (R). A non-ducted path is also
shown.

Figure 2. Growth suppression and sideband generation experiment.
Lower panel: Transmitted spectrum (shifted later In time to allow for
one-hop propagation delay). Middle panel: Dynamic spectra of the
signal received at Roberval. Upper panel: Signal amplitude In a 100-
hertz bandwidth centered at 2.3 kilohertz. In case Bi, the lower
frequency signal Intensity is Increased by 20 decibels per second In
the first second. In B2, the Intensity of the same signal Is tapered
down by 20 decibels per second during the last second.
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of this half of figure 2 is similar to that of the left half. In this case,
the upper frequency (2.32 kilohertz signal is present at full
intensity throughout the two 2-second periods, but the 2.30
kilohertz signal is brought up in amplitude at a rate of 20 deci-
bels per second between the 3- and 4-second marks and is kept
at full intensity for 1 second. Similarly, in the second part, the
amplitude is tapered down from full level at 20 decibels per
second between the 7- and 8-second marks. Case Bi shows the
initiation of rapid temporal growth which is subsequently in-
hibited as the second signal increases in intensity. As a result,
the growth is not fully developed, and no independent emis-
sions are triggered. However, we see that multiple sidebands
are generated and sustained temporarily until the second signal
is strong enough to suppress most of the temporal growth. The
sideband spacing is equal to 20 hertz, the difference frequency
between the two input signals.

Case B2 shows suppression in the beginning portion. The
total signal level in the upper panel first decreases when the
lower frequency component is reduced in intensity because the
upper frequency component is significantly weaker, as shown
by the middle panel. This reduction is tentatively attributed to
multipath interference at the upper frequency. Temporal
growth is initiated when the lower frequency signal is too weak
to suppress growth significantly at the upper frequency. Side-
band generation is again seen, indicating the effect of the lower
frequency signal, in spite of its lowered amplitude. Except for
the sidebands, triggering of independent omissions does not
occur, presumably because of the early termination of the upper
frequency signal. It is interesting to note that sideband genera-

tion starts at about the same ratio (approximately 15 decibels) of
the upper-to-lower signal amplitude in both cases Bi and B2.

The results shown clearly illustrate the controllability of the
coherent wave instability through proper choice of the frequen -
cy spectrum and amplitude of the input signals. While the
instability manifests itself in a complex manner, its properties
can be measured with high accuracy through the use of con-
trolled wave-injection from the ground. Thus, active wave-in-
jection experiments are valuable tools for testing theoretical
models as well as for developing new understanding of these
phenomena. These experiments on coherent nonlinear wave-
particle interaction are helping us to understand naturally oc-
curring electromagnetic wave (e.g., chorus) in terrestrial and
planetary magnetospheres. They may also lead to the develop-
ment of ground-based tools for measuring the energetic particle
distributions in the magnetosphere.

The Siple/Roberval experiments are supported by the Divi-
sion of Polar Programs of the National Science Foundation un-
der grants DPP 80-22282 and DPP 80-22540.
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Siple Station/Dynamics Explorer-1
satellite very-low-frequency wave-

injection experiments
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STAR Laboratory
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Stanford, California 94305

occasion are amplified, generate sidebands and trigger VLF
emissions. The experiments were carried out during the peri-
ods of May-August 1982 and September-December 1983, when
the Dynamics Explorer-1 (DE-1) spacecraft was in an almost
field-aligned orbit with apogee (-4.6 Earth radii) close to the
geomagnetic equator. As depicted in figure 1, these experi-

SIPLE/DE-1 VLF WAVE INJECTION EXPERIMENT

PARTICLES

Introduction. A large fraction of the wave energy radiated from
a ground-based very-low-frequency (VLF) signal source such as
the experimental transmitter at Siple Station, Antarctica propa -
gates in the magnetosphere in the non-ducted mode. These
waves, propagating at an angle to the static magnetic field, are in
general not observed at ground stations but are readily ob-
served on satellites. Study and understanding of non-ducted
waves is important for assessing the overall effect of ground-
based signal sources as well as for possible future experiments
involving in situ transmissions.

In this context the Siple/Dynamics Explorer-1 VLF wave-injec-
tion experiments were aimed at studying the propagation, am-
plification, and emission triggering by non-ducted VLF whistler
mode signals. Results indicate that the injected signals, while
propagating in the magnetosphere in the non-ducted mode, on

*
DE-I

ES

WAVES

Figure 1. Schematic showing the components of the Sipie/DE-1 VLF
wave-injection experiments.
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ments employed VLF waves (1-6 kilohertz) injected from the
Siple Station (L'4.3) transmitter; observations of these signals
as well as those of natural origin were made with the Stanford
University Linear Wave Receiver (LwR) on the DE-1 satellite
operating in the 1.5-16 kilohertz range. In most cases, we
monitored the satellite data in real time for the purpose of
optimally selecting the receiver modes as well as the frequency
and format of the injected waves. Simultaneous broadband data
were also collected at ground stations at Roberval, Quebec,
Canada (conjugate to Siple) and Palmer, Antarctica (L--2.3). (L,
finesare geomagnetic field lines which extend at their apex to
the number of geocentric Earth radii indicated.) Real-time com-
munications between Stanford and other sites (Siple, Palmer,
Roberval) were maintained through an ATS-3 satellite link.

Ground-satellite observations. Figure 2 shows the simultaneous
reception of Siple transmitter signals on the ground at Roberval
and on the DE-1 satellite. The bottom panel shows the fre-
quency-time format of transmissions, the middle panel the dy-
namic spectrum of the signals received on DE-1 using the mag-
netic antenna, and the top panel the spectrum of the received
signal at Roberval. The records are aligned in absolute time so
that the ground-to-ground and ground-to-satellite time delays
can be clearly seen. In this case the transmitter signals (frequen-
cy ramps) were first seen on the satellite, then at Roberval and
then again on the satellite, probably as a result of reflection from
the lower ionosphere. This process, involving direct non-duct-
ed propagation to the satellite as well as reflections following
initial propagation in duct(s) may be an important means by
which waves that are amplified and/or generated in ducts can
propagate out and populate the magnetosphere. Detailed study
of the Siple signal propagation modes up to the satellite indicate
that the measurements of non-ducted transmitter signals can be
used as a means to diagnose the magnetosphenc cold plasma
distribution (Rastani, man, and Helliwell in preparation).

Emission triggering by Siple transmitter signals. Figure 3 (left)
shows the triggering of a rising emission by the injected Siple
signals. The lower panel shows the transmitted format and is
aligned in absolute time with the dynamic spectra of the signal
received on DE-1 as shown on the upper panel. The time delay
for the first arriving signal components is found to be approx-
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Figure 2. Simultaneous reception of Sipie transmitter signals at
Roberval and on DE-1. The bottom panel shows the transmitted
format. All panels are aligned in absolute time.

imately 1.4 seconds, but the apparent elongation of the pulses
indicates the presence of signals arriving over more than one
path. Only one of the transmitted frequencies is amplified and
triggers an emission while the others do not show any evidence
of amplification. 'This result demonstrates the frequency selec-
tivity of the triggering process. The triggered emissions last
much longer than the stimulating pulse.

While emissions triggered by non-ducted signals from higher
power VLF navigation and communication transmitters have
been observed (Bell, man, and Helliwell 1981; man and
Helliwell 1982), such events triggered by Siple signals are rela-
tively rare. This and the facts that (1) ducted Siple signals
observed at Roberval are found to be amplified and (2) they
trigger emissions more often than those observed on the satel-
lite suggest that the threshold for emission triggering by non-
ducted signals may be higher than that for ducted signals.
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Figure 3. (Left) Emission triggering by SIple signals received on DE-1. The lower panels show the transmitted format aligned In absolute time
with the dynamic spectra shown in the upper panels. (Right) Sideband generation by Sipie signals received on DE-1. The lower panels show the
transmitted format aligned in absolute time with the dynamic spectra shown in the upper panels.
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Further analysis of the data from the Siple/DE-1 experiments is
expected to shed more light on these questions.

Sideband generation. Our real time observations of the events of
figure 3 (left) led us to try other transmission formats. Results of
one of these trials is shown in figure 3 (right), representing a
period approximately 28 minutes after the time of figure 3 (left).
In this case, the transmitted format consisted of two signals
with slowly separating frequencies. We observe the generation
of sidebands with frequency spacing equal to the difference
frequency of the two injected signals. The sidebands are evi-
dence of nonlinear wave-particle interaction that in this case
does not lead into an emission triggering. In the second part of
this format, the two signals are initiated with a large frequency
separation and are brought together in frequency with time. No
significant sideband components are observed for the second
part. This indicates that for sideband generation to occur, parti-
cles first have to be phase organized by the wave. While this
would be possible for the first case during the time when the
two signals are at the same frequency, in the second case the two
signals interfere with the phase bunching of one another and
significant stimulated currents cannot develop. The latter is
consistent with the suppression effects that are observed for
ducted signals (Helliwell 1983).

Summary. Results of Siple/DE-1 wave-injection experiments
show evidence of emission triggering and sideband generation

by the injected signals. Detailed measurements of the signal
characteristics can on occasion be used for cold plasma diag-
nostics. The study of the mechanism of amplification and side-
band generation by non-ducted signals remains a challenging
problem in magnetospheric physics.

The Stanford University experiments on the DE-1 satellite are
being supported by the National Aeronautics and Space Ad-
ministration under grant NAS5-25688. The Siple/Roberval ex-
periments are supported by the National Science Foundation
under grants DPP 80-22282 and DPP 80-22540.
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The Siple Station very-low-frequency (VLF) transmitter is
used primarily to inject coherent VLF waves into the ionosphere
and magnetosphere to study nonlinear interactiot s between
coherent waves and the energetic particles that populate the
Earth's radiation belts. In these interactions the perturbing
waves may be amplified by as much as 30 decibels, VLF emis-
sions may be produced, and the resonant energetic electrons
may be scattered into the atmospheric-loss cone, eventually
precipitating into the lower ionosphere to produce
Bremstrahlung X-rays, optical emissions, and plasma density
enhancements (Rosenberg, Helliwell, and Katsufrakis 1971;

Helliwell, Katsufrakis, and Trimpi 1973; Helliwell and Kat-
sufrakis 1974; Helliwell et al. 1980).

The main goal of the Siple Station VLF wave-injection experi-
ments is to understand the physics of nonlinear wave-particle
interactions in the ionosphere and magnetosphere. This knowl-
edge is essential if we are to achieve a full understanding of the
mechanisms which determine the lifetime of energetic particles
in the magnetosphere of the Earth, as well as in the magne-
tosphere of other planets in our solar system.

An important component of the Siple Station VLF wave-injec-
tion experiments has been the support provided by various
satellites, such as Explorer 45 (USA), Exos-B (Japan), ISEE-1
(USA), ISIS-1 (Canada), ISIS-2 (Canada), and DE-1 (USA). Cor-
relative data from these satellites have been used to determine
the characteristics of the injected waves and energetic particles
in the ionosphere and magnetosphere and to establish the
importance of coherent whistler-mode waves in magne-
tospheric wave-particle interactions (Bell et al. 1981, 1983-a,
1983-b). In particular during the past year, correlative data from
the ISIS-2 and ISEE-1 satellites have demonstrated the existence
of two new effects concerning coherent VLF waves and energetic
electrons.

Impulsive bandwidth increases. VLF wave data from the ISIS-2
satellite has shown that coherent VLF signals from the Siple
Station VLF transmitter are observed to exhibit impulsive band-
width increases of up to 30 percent of the nominal carrier
frequency as these signals propagate upward through the
ionosphere and low altitude magnetosphere to the satellite at a
1,400-kilometer altitude. The bandwidth increases typically en-
dure for 30 milliseconds and generally the sidebands are rough-
ly symmetrical about the nominal carrier frequency. This phe-
nomenon is possibly the transient analog of the recently
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reported spectral broadening effect (Bell et al. 1983-b) but the
connection is not clear. In most cases the bandwidth increase is
associated with an increase in signal amplitude of up to 20
decibels, suggesting that the phenomenon is the result of a
rapidly evolving plasma instability.

Figure 1 shows examples of the impulsive bandwidth in-
creases observed on Siple transmitter pulses on 4 July 1983. The
spectrogram in the upper panel shows Siple pulses in the pres-
ence of a band of impulsive VLF hiss with an irregular lower
cutoff frequency located near 3.5 kilohertz. At this time the
Siple pulses show occasional impulsive bandwidth increases.
The middle panel shows Siple pulses at a slightly later time
when impulsive bandwidth increases occur more often, and the
signal bandwidth reaches a maximum value of about 1 kilohertz
near the 19-second mark. Near the 22-second mark (see arrow
on time axis) a whistler arrives at the satellite and from its lower
cutoff frequency the local lower-hybrid-resonance (LHR) fre-
quency can be determined. Two instances of impulsive band-
width increase occur near the 23-second mark where the signal
frequency lies below the local LHR frequency. Signals lying
within the LHR noise band show a uniform spectral broadening
similar to that reported previously (Bell et al. 1983-b). The lower
panel shows the transmitter pulse format corresponding to the
satellite data in the two top panels.

One possible mechanism for the impulsive-bandwidth-in-
crease effect is the following: thin sheets of energetic electron
precipitation in the subauroral region create a multitude of
magnetic field aligned irregularities of transverse scale of ap-
proximately 200 meters in which the ion density, temperature,
and composition may differ from that of neighboring regions.
As a result of these irregularities the lower-hybrid-resonance
frequency is a rapidly varying function of position, giving rise
to the irregular lower cutoff frequency of the impulsive hiss
band. The Siple pulses are scattered coherently from the irreg-
ularities and the scattered wave spectrum has components with
wave normals nearly perpendicular to the Earth's magnetic
field.

In irregularities where the local LHR frequency is approx-
imately equal to the pulse frequency the high wave normal
angle components of the scattered Siple signals trigger a quasi-
electrostatic coherent-wave plasma instability which produces
enhanced signal levels in the irregularity. Because of the short
wave length, these waves are observed on the satellite with
large doppler shift, producing the impulsive bandwidth in-
creases observed in the data.

If this interpretation is correct, it suggests that coherent VLF

signals can act as catalysts to trigger natural plasma instabilities
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Figure 1. Spectrograms showing examples of the Impulsive band-
width Increases observed In Siple Station transmitter signals.
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Figure 2. Examples of ISEE-1 data showing evidence of multipath
propagation.

in the subauroral ionosphere and lower magnetosphere. Thus,
controlled studies of these instabilities may be possible. Fur-
thermore, it suggests that impulsive bandwidth increases could
be used as a diagnostic tool to study the characteristics of field-
aligned irregularities in the subauroral region.

Multipath propagation. Data from the ISEE-1 satellite has re-
cently demonstrated that multipath propagation is a fundamen-
tal property of non-ducted waves from the Siple Station VLF

transmitter. It was found that in general at any point in the
magnetosphere the direct signals from the transmitter arrived
almost simultaneously along two or more closely spaced ray
paths.

Figure 2 shows examples of data received on ISEE-1 which
show this effect. The top panel shows a spectrogram of Siple
signals when pulses of length varying from 50 milliseconds to
200 milliseconds were transmitted. The second panel shows the
amplitude of the electric field component in the spin plane of
the antenna observed with a 300 hertz bandwidth filter cen-
tered at 6.0 kilohertz. Amplitude charts of this kind were used
to measure time delays, field intensities, and pulse duration.
Pulses were found to be elongated 20-200 milliseconds, indicat-
ing the presence of multiple paths.

The third panel shows a spectrogram of Siple signals when
pulses of 20-second length were transmitted at 4.0 kilohertz.
The fourth panel shows the amplitude of the electric field com-
ponent in the spin plane of the antenna for the spectrogram
shown in panel 3. The observed amplitude fading patterns
show a period of approximately 1.5 seconds resulting from the
regular 3.0-second spin period of the satellite, as well as other
periods (on the order of 1 second) introduced by the presence of
Siple transmitter signals which have propagated to the satellite
along different, but closely spaced, paths. The existence of
multiple paths has important implications for wave-particle in-
teractions in the magnetosphere. Since each signal travels a
slightly different path, its refractive index and wave normal
direction will differ from that of other waves arriving at a given
point. As a result of this an energetic electron moving through
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this wave field will experience a doppler broadened signal of
bandwidth Af, where typically zf approximately equals 10-100
hertz. Components of this multiple path wave structure will
interfere over a time scale T equals approximately 1/sf, limiting
the time available for interaction. This suggests that coherent
interactions between energetic electrons and non-ducted Siple
transmitter signals in the magnetosphere take place over much
shorter distances than the 1,000-2,000 kilometers hypothesized
for the case of ducted signals (Helliwell 1967). Such a reduction
might account for the less frequent occurrence of emissions
triggered by non-ducted signals.

The existence of multipath propagation also implies that mag-
netic field-aligned irregularities commonly exist in the
ionosphere over Siple Station with horizontal scales of 1-10
kilometers and plasma density variations of a small percentage.
Thus, the satellite data can be used as a diagnostic tool to study
the cold plasma distribution in the ionosphere.

In the future, it is planned that new ISEE-1 satellite measure-
ments will be carried out during Siple Station wave-injection
experiments to further increase our understanding of interac-
tions between non-ducted coherent VLF waves and energetic
particles in the ionosphere and magnetosphere.

This research was sponsored by the National Aeronautics and
Space Administration under grants NAS5-25744 and NGLr05-
020-008.
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Particle precipitation at high latitudes

W. B. GAIL

STAR Laboratory
Stanford University

Stanford, California 94305

Particle precipitation is an important mechanism for energy
transfer between the magnetosphere and the ionosphere.
Trapped radiation belt particles that normally mirror above the
ionosphere can interact with waves and be showered into the
ionosphere where they collide with atmospheric neutrals. Sub-
ionospheric very-low-frequency (VLF) signals are perturbed by
the resultant density enhancements and thus provide a sen-
sitive method for observing particle precipitation. At lower lati-
tudes, whistlers often precipitate particles in this manner in
what are known as "Trimpi" events. Recently, Dingle and Car-
penter (1981) reported several events at higher latitudes during
which VLF signal perturbations were associated with bursts of
VLF noise.

On several days in July 1982, a continuous wave (cw) signal at
3.8 kilohertz was transmitted from Siple Station to South Pole
Station to study precipitation along high latitude paths. The
path from Siple to South Pole is particularly good for this type of
study because it lies entirely at the latitudes of interest and is not
subject to competing ionization from sunlight for long periods.

Figure 1 shows a sequence of events seen on 14 July 1982. The
two spectrograms at the top are broadband-VLF recorded at
South Pole Station in the bands 0-5 kilohertz and 0-1.5 kilo-
hertz. The top chart is the amplitude of the subionosphenc
Siple transmission received at South Pole Station. The bottom
chart is the amplitude of VLF noise in the band 0.7-1.3 kilohertz.

The noise bursts indicated by the arrows correspond closely to
increases in the Siple signal amplitude. During the first event,
the signal amplitude increased by 3 decibels in 12 seconds,
implying that precipitation continued throughout much of the
noise burst. The second and third events had smaller increases
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Figure 1. Perturbation of the Sipie Station transmitter signal ob-
served at South Pole Station: (a) Spectrogram showing frequency
versus time with amplitude shown by darkness; (b) Same as (a) with
expanded frequency scale; (c) Amplitude of the subionospheric
Sipie Station transmitter signal received at South Pole Station; (d)
Amplitude of VLF noise in the band 0.7-1.3 kilohertz. Both (c) and (d)
were integrated with a 0.3 second time constant. The three events of
Interest are indicated with arrows. The constant tone near 4 kilohertz
Is the Siple continuous wave signal and the break prior to 1540
universal time Is for recording of the wwv time standard broadcast.
("ii.V/m" denotes microvolts per meter; "kHz" denotes kilohertz;as 	denotes universal time.)
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Figure 2. Perturbation of the Siple Station transmitter signal ob-
served at South Pole Station: (a) Spectrogram showing frequency
versus time with amplitude shown by darkness; (b) Amplitude of the
subionospheric Siple transmitter signal received at South Pole; (c)
Amplitude of very-low-frequency noise In the band 0.7-1.3 kilohertz.
Both (b) and (c) were integrated with a 0.3-second time constant.
("1i.V/m" denotes microvolts per meter; "kHz" denotes kilohertz;
is 	denotes universal time.)

and shorter rise times, possibly indicating that most of the
available particles were precipitated by the first noise burst.

Figure 2 shows a different event on an expanded time scale.
The amplitude increase in the Siple signal is clearly associated
with the short-duration noise burst that occurred around

1542:27 universal time (UT). The signal increased by 2 decibels in
5 seconds. Since the noise burst itself was only 2 seconds long,
the precipitation must have been prolonged by particle echoing
or some other mechanism.

The particles precipitated during these events are thought to
be electrons with energies of at least 100 kiloelectronvolts. This
is consistent with previous observations. To account for the
precipitation of such energetic particles by waves with frequen-
cies of 0.5-1.0 kilohertz, however, the wave-particle interactions
must take place at much higher latitudes than even those ob-
served by Dingle and Carpenter (1981). In addition, the events
on 14 July 1982 indicate that precipitation at these latitudes may
consist of both slowly varying events (figure 1) and impulsive
events (figure 2). The amplitude of the Siple signal received at
South Pole Station and the amplitude of the natural noise in the
band 0.5-1.0 kilohertz are well correlated on this day, suggest-
ing that the ambient magnetospheric wave level may play a
primary role in determining the variations if not the absolute
level of subionospheric signals.

The wintering scientists involved with this work were M.
Dermedziew and T. Wolfe at Siple Station and J. Dalton at South
Pole Station. This work was supported by National Science
Foundation grants DPP 82-18219, DPP 83-17092, and DPI'
80-22282.
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Hydromagnetic and very-low-
frequency wave studies at the South

Pole

L. J. LANZEROTTI, C. G. MACLENNAN, and L. V. MEDF0RD

AT&T Bell Laboratories
Murray Hill, New Jersey 07974

D. L. CARPENTER

STAR Laboratory
Stanford University

Stanford, California 94035

As a part of the concentrated United States program at South
Pole Station to investigate in detail the southern magne-
tosphenc cusp region, we have begun magnetic field and very-
low-frequency (VLF) measurements in cooperation with other
U.S. investigators involved with complementary studies. The
intent of the magnetic field and VLF research is to intensively
examine geophysical wave phenomena in the southern polar
cap and cusp region of the magnetosphere. The magnetic field

measurements, made with fluxgate magnetometers, cover the
frequency range from approximately 0.5 hertz to 0 hertz while
the VLF measurements, made with a loop antenna, cover the
range from approximately 0.5 to approximately 50 kilohertz, in
several narrow bands. The analog magnetometer data (three
magnetic components) and the narrow-band VLF signals are
digitized at 1-second intervals and written in computer-com-
patible format on magnetic tape using the University of Mary-
land data-acquisition system (Rosenberg and Detrick, Antarctic
Journal, this issue).

The magnetic field lines originating in the south polar region
can be either closed, connecting to the opposite hemisphere of
the Earth, or open to interplanetary space, where they are
probably interconnected with the interplanetary (solar) mag-
netic field. The field configuration at the South Pole is a strong
function of magnetic local time and of the conditions of the solar
wind (which determine the overall configuration of the magne-
tosphere). During local night, the South Pole is on magnetic
field lines that are often open, whereas during local day hours
the field lines can be open or closed depending on solar-wind
conditions. The solar-wind parameters which control open and
closed dayside magnetospheric field conditions over the South
Pole are as yet incompletely understood but are related to the
conditions of the solar-wind plasma and the embedded mag-
netic field. In this report, we draw attention to the observation
of the occurrence of simultaneous narrow-banded periodic van-
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ations (central period approximately 35 seconds) in the magnet-
ic field intensity and the VLF emissions for an extended interval
of time around local noon hours at the South Pole. The impor-
tance of these observations lies in the fact that although such
simultaneous variations in magnetic field and VLF emissions
occur frequently in the Earth's magnetosphere at lower latitudes
where the field lines are always closed, they have not been
investigated at very high latitudes. Their occurrence indicates
the existence of closed magnetospheric field lines at the South
Pole at this time and thus provides a method of determining the
magnetosphere configuration from the ground.

Dynamic spectral analyses of the magnetic field components
in the north/south (H-component) and east/west (D-component)
directions and the VLF emissions in the 0.5-1.0 kilohertz range
are shown in the figure. The dynamic spectra were calculated
using 30-minute intervals of 10-second data. Power spectra for
each of the three geophysical quantities for 30-minute intervals
were calculated with a fast Fourier transform algorithm after
first treating the data with a prolate spheroidal data window
(the Thomson window; Thomson et al. 1976). The 30-minute
time intervals of data were then shifted by 5-minutes and new
spectra were calculated. The spectral amplitudes were color
coded and gray-scale coded to provide a representation of the
spectral power as a function of frequency and of time. During
much of the local night hours, approximately 00-08 universal
time (UT), on the day illustrated there were relatively few geo-
magnetic and VLF fluctuations in the frequency interval shown.
However, beginning shortly after local morning, at approx-
imately 08 UT, the magnetic field fluctuations began to increase
in intensity. At approximately the same time the fluctuation
levels in the VLF signal also increased. For several hours begin-
fling about 1000 UT and spanning local noon there was a signifi-
cant enhancement in the fluctuation levels of both the magnetic
field and the VLF variations with a central period of approx-
imately 35 seconds. An interruption in the banded variations
occurred at approximately 18 UT, coinciding with a burst in the
higher frequency (10-15 kilohertz; not shown here) VLF signals.

Variations in VLF emissions with periods of about 30 seconds
have been termed quasi-periodic (QP) variations and have been
extensively studied at lower latitude antarctic stations such as
Syowa, Byrd, and Eights (e.g., Sato et al. 1974; Sato 1980; Ho
1973), as well as in the areas conjugate to these stations, Iceland,
Great Whale River, and Baie St. Paul, respectively. Such QP
emissions associated with geomagnetic pulsations (GP) (as in
the figure) have been statistically shown to be predominantly
local daytime phenomena. Qualitative models of the QP/GP phe-
nomenon require closed magnetosphere field lines (e.g., Sato
1980). Thus, we would not expect to observe such QP/GP emis-
sions at South Pole Station if the field lines at local noon ex-
tended into the magnetospheric cusp and polar cap. Therefore,
during the particular day shown in the figure the field lines
originating over the South Pole are most probably closed
through the dayside magnetosphere, intersecting the northern
hemisphere in the conjugate region near Frobisher Bay,
Canada.

Preliminary results obtained from calculations of the size of
the expected southern polar cap region on this day, using actual
measured values of the interplanetary magnetic field and under
the assumption that there is total interconnection of the Earth's
magnetic field with the interplanetary field, shows that the
South Pole should indeed have been located on closed magne-
tospheric field lines during the time of the QP/GP emissions were
observed. Confirmation that closed field lines exist at the South
Pole during such interplanetary conditions will come with si-
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Dynamic spectra of data from South Pole Station for 5 January 1982.
The top two panels are for the H (geomagnetic north-south) and D
(geomagnetic east-west) components of the magnetometer; the
lower panel is for the 0.5-1.0 kilohertz very-low-frequency (VLF)
channel. The open (solid) triangles mark magnetic local noon (mid-
night). The simultaneous enhancement in the magnetometer and
the VLF at approximately 0.3 hertz (quasi-periodic/geomagnetic
pulsations) beginning at approximately 12 universal time Is a phe-
nomenon associated with closed magnetosphere field lines and is
the first occurrence observed at the South Pole. ("mHz" denotes
millihertz; "KHz" denotes kilohertz; "UT(h)" denotes universal time
(In hours).]

multaneous measurements planned for 1985 for Frobisher Bay.
Further discussion of this particular event and its physical im-
plications for hydromagnetic waves and VLF emissions at very
high geomagnetic latitudes on closed magnetospheric field
lines will be published separately.

During the next year or two, magnetic field and VLF measure-
ments such as these will be continued at South Pole Station. In
addition, similar measurements will begin at Arrival Heights
near McMurdo Station. This geomagnetic location should al-
most always be connected to open magnetic field lines in the
southern polar cap region of the magnetosphere. Comparison
of data between South Pole and McMurdo Station under various
interplanetary conditions will provide further understanding
on the control of magnetosphere configurations by the solar
wind.

The logistics support for the magnetic field measurements
was provided by the National Science Foundation, Division of
Polar Programs. The VLF measurements were supported by
National Science Foundation grant DPP 82-18219 to Stanford
University.
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Monochromatic imaging of the 6,300
angstrom emissions from South Pole

Station

S. B. MENDE

Lockheed Palo Alto Research Laboratory
Palo Alto, California 94304

The 24-hour winter night permits the continuous observation
of the polar aurora from South Pole Station. From these observa-
tions the diurnal movement and the response of the aurora to
magnetic activity can be monitored. There is a large offset
between the Earth's magnetic pole and the geographic South
Pole. If a station like South Pole Station is considered to rotate in
the magnetic frame of reference (i.e., around the magnetic pole)
then there is a time of day, magnetic midday, when the station is
nearest to the sun. This time occurs at 1530 universal time (UT) at
South Pole Station. At this time the magnetic field lines of the
Earth link the aurora to the dayside magnetosphere. The mag-
netosphere has a pair of morphological singularities on the
dayside, the cusps which may be the entry points of particles
from the solar wind. Akasofu (1972-a, 1972-b) has studied the
behavior of auroras during magnetic midday using all-sky cam-
eras at South Pole Station. Eather, Mende, and Weber (1979)
have used photometer data and found a systematic relationship
between the position of the cusp-associated auroras and the
intensity of the nighttime auroral electrojet current.

More recently Eather (1984) has operated a high-time-resolu-
tion image-intensifier slit camera at South Pole Station where he
was able to monitor the latitudinal behavior of auroras 24 hours
a day during the polar night. This camera operated in the 6,300
angstrom oxygen emission characteristic of the soft, particle-
produced cusp auroras. Eather's high time resolution instru-
ment permitted the observation of rapid latitudinal motions of
the aurora. It appears from the data that the rapid poleward
movements do not seem to occur prior to local magnetic mid-
night (opposite of magnetic midday) and that rapid equator-
ward movements seem to occur preferentially after local mag-
netic midday. The single dimensional nature of the slit camera
leaves a few ambiguities regarding the observations which can
be resolved by a two-dimensional, image-intensified 6,300 all-
sky camera. It was envisaged that such a device could separate
the latitudinal effects from temporal fluctuations. In addition
the imaging camera would be able to describe the characteristics
of these observed rapidly moving forms.

To make the observations a special instrument had to be built.
The instrument had to take low-light level observations of the
6,300 angstrom emission of the polar cusp auroras. Large all-
sky field of view and narrow spectral resolution were also a
requirement. We have used an image-intensified photographic
version of the instrument described by Mende, Eather, and
Aamodt (1977). Figure 1 illustrates the instrument.

A special 170-degree fish-eye lens is mounted inside the
double dome. This produces an image of the entire sky at the
location of the filter. The filter selects a narrow 30-angstrom
band from the incoming light. The image intensifier camera
objective re-images and demagnifies the image on the pho-
tocathode of the image tube. The image tube is a microchannel
plate-intensified second generation intensifier which has a light

amplification gain of fifty thousand. The intensified image is
once again re-imaged on the film plane by the combination of
the 85 and 50 millimeter lenses.

During the winter of 1983 the camera was used to make
observations. The camera was operated continuously with a 2-
second exposure every 3 minutes.

A collage of a typical day of observation is shown on figure 2.
The exposure nearest to the hour was printed for the 24-hour
period starting at 0600 UT on 8 June 1983 and ending at 0600 UT

on 9 June 1983. Each picture was oriented so that the direction
toward the magnetic pole is toward the center of the circle. The
frame nearest to magnetic midday 1500 UT was located on the
top of the picture. Thus the frame nearest to magnetic midnight
is at the bottom. The collage attempts to represent the in-
stantaneous view of the auroral oval from above during the
apparent rotation of the Earth around the magnetic pole.

From this collage we can see these general properties of the
auroral oval:
• The auroral oval is continuous. There is aurora in every

frame. Just prior to midnight the aurora goes very far equa-
torward and but there is distinct aurora at the edge of the
frame. This, therefore, contradicts some of the reports which
have maintained that there is a significant gap in optical
aurora near midday.

• The diurnal shift of the auroral oval is clearly visible. The
aurora generally takes up its most poleward position during
midday and its most equatorward position at midnight.
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Figure 1. Schematic diagram of the image intensified mono-
chromatic all-sky cameras. ("mm" denotes millimeter.)
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• In these observations, the auroras are mostly directed in the
east/west or tangential direction. Thus they appear to be sun-
aligned mainly in the dawn/dusk region. There appears to be
no evidence for the sun-aligned connection between the mid-
night or midday part of the auroral oval. The search for such
sun-aligned connections is interesting because of the re-
ported significance (Frank et al. 1982) of the so called "theta
auroras." These were observed to bridge the polar cap from
the midday to the midnight region. Perhaps the closest event
to a theta aurora is seen on the frame halfway between mid-
night and dawn where there is a distinct branch of the aurora
extending toward the midday region almost perpendicular to
the normal east-west direction of the aurora.
From the above discussion it can be seen that a very interest-

ing data set was obtained at South Pole Station with the mono-
chromatic all-sky camera during the austral winter of 1983. The
data analysis is in progress to search for a better understanding
of the observed features and their relationship with previous
observations.

This research was supported by National Science Foundation
grant DPP 80-16574.
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MIDDAY

Figure 2. A collage of selected frames from a typical day's observa-
tion. Each frame nearest to the hour was printed for the 24-hour
period starting at 0600 universal time on 8 June 1983 and ending at
0600 universal time on 9 June 1983. Each picture was oriented so
that the direction toward the magnetic pole is toward the center of
the circle. The frame nearest to magnetic midday 1500 universal
time was located on the top of the picture. Thus the frame nearest to
magnetic midnight is at the bottom. The collage attempts to repre-
sent the instantaneous view of the auroral oval from above during
the apparent rotation of the Earth around the magnetic pole.

Mende S.B., R.H. Eather, and E.K. Aamodt. 1977. Instrument for the
monochromatic observation of all sky auroral images. Applied Optics,
16, 1691.

Solar seismology at the South Pole

M. A. POMERANTZ

Bartol Research Foundation of The Franklin Institute
University of Delaware

Newark, Delaware 19716

After four successive austral summer campaigns, none was
conducted during the 1983-1984 field season. However, we
made considerable progress in modifying the full-disk experi -
mental package and in laying the groundwork for implement-
mg a solar dopplergraph with the spatial resolution that is
required to observe the higher degree modes, that is, global
oscillations with many lines of nodes around the spherical sur-
face. Furthermore, Jack Harvey and Tom Duvall in Tucson and
Eric Fossat and Gerard Grec in Nice have done much analytical
work to derive the significant information that exists in the tapes
recorded during earlier high-quality observing runs at South
Pole Station.

To process the data tapes analysts must reassemble the equip-
ment at Tucson to make various calibrations; copy the field
cassette tapes containing a total of 600 megabytes onto 25 mag-
netic tapes; then apply the inevitable corrections for zero level,
gain variations, defective picture elements (pixels), atmospheric
contributions, polarization effects in the telescope (which has
now been replaced with a system immune from such prob-
lems), and non-linearity. Computer programs to remove these
effects were developed, as were methods for the reduction of
the final set of corrected images by spherical harmonics and
Fourier transformations. A technique has also been developed
for inverting the measured frequencies to determine the inter-
nal solar rotation rate as a function of both radius and latitude.
Although various conflicting results on internal rotation rates
have previously appeared in the literature, no earlier observa-
tions could, even in principle, reveal the latitudinal depend-
ence. Furthermore, the superior conditions that prevail at the
South Pole will provide incontrovertible results on the crucial
subject of internal rotation.

The "final" version of the sodium cell optical resonance spec-
trophotometer was developed this year. Based upon experience
in the field during the 1982-1983 austral summer campaign, a
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number of significant modifications have been made. In par-
ticular, it is planned to obtain observations as often as the
weather permits over virtually the entire period that South Pole
Station is open. The instrument is designed to be operated by
any of a number of qualified individuals who will be at South
Pole Station during the 1984-1985 summer, and it is hoped that
the full-disk experiment in its new format will continue to
operate during successive summers through a complete solar

cycle to study the long-term characteristics of the global solar
oscillations and their dependence upon the level of solar
activity.

In addition to the author, Jack Harvey and Tom Duvall at the
National Solar Observatory, and Eric Fossat and Gerard Grec at
the Nice Observatory, have been actively involved in carrying
out this program. This work was supported in part by the
National Science Foundation under grant DPP 81-19627.

South Pole astronomical observatory

F. B. WOOD, K. Y. CHEN
and C. SCHNEIDER

Department of Astronomy
University of Florida

Gainesville, Florida 32611

F. GI0vANE

Space Astronomy Laboratory
University of Florida

Gainesville, Florida 32611

Some 15 years ago, a small telescope was taken to the pole for
such test purposes. The results were extremely encouraging,
but since they rested on visual estimates, a more objective
survey was obviously needed. Filtered photoelectric observa-
tion was the obvious answer. Because of the extremely severe
conditions, it seemed better to make these by a completely
automated telescope; one has been built for this purpose and is
now erected at the pole (see figure).

The telescope so constructed has an 8-centimeter objective
and is of 50-centimeter focal length. It has standard UBV filters
(to isolate the ultraviolet, the blue, and the visual regions of the
spectrum) and others centered on helium and carbon emission
lines. These were chosen because part of the proposed program
is study of the peculiar close binary, gamma two Velorum,

There are two primary reasons for placing a telescope at the
south terrestrial pole. First, because of the extreme dryness, the
atmosphere should be more transparent to radiation in the near
infrared spectral region. Of greater importance, however is the
fact that as the Earth rotates, the diurnal movements of the stars
are always parallel to the horizon. This makes extinction correc-
tions (to allow for loss of light in passage through the Earth's
atmosphere) easier, and of course, the stars never set. This is
especially important in the study of variable stars since only at
the South Pole can very long uninterrupted sets of measures be
made. With the sun below the horizon for nearly 6 months at a
stretch, the observing runs are not broken by spells of daylight.

We might mention the obvious—the same conditions exist at
the North Pole, but (1) the southern skies have been studied less
than the northern ones and contain, for example, the
Magellanic clouds (the nearest external galaxies) and the central
region of our own Milky Way, and (2) there are no provisions at
the North Pole for housing, food, transportation, and the many
other supplies needed for survival as well as study.

Thus, it is easy to justify the need for the establishment of an
astronomical observatory at 90°S. However, a number of ques-
tions must be answered before any appreciable amount of
funds is invested:
• How steady is the atmosphere as measured by the "seeing"?
• What are the possible changes in the transparency?
• How many clear hours are available?
• What are the possible effects of auroral activity on the obser-

vations? All in all, a site "survey" with a relatively small and
inexpensive telescope should be made before considering a
major operation.

University of Florida automated telescope at the south terrestrial
pole.
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which has shown rapid variation in these lines. Also, sky obser-
vations are to be made through an oxygen line filter. This should
permit a study of changes in the aurora (Giovane et al. 1983).

By the end of the year (October 1984) we hope to have useful
scientific results, but at the very least, we will have had several
months of field testing and should be able to make any neces-
sary alterations in the equipment.

This research was supported by National Science Foundation
grant DPP 82-17830. For help in various aspects of the develop-
ment and construction of the telescope and the associated pro-
gramming, we wish to acknowledge the contribution of W.B.

Greenman, Jorge Levy, Alan Messer, Jack McKisson, Mack
Mann, J.P. Oliver, and Hans Schrader. We also wish to thank
many people at the Amundsen-Scott Station who gave us valu-
able help during our stay at the South Pole.
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Giovane, F., F.B. Wood, J.P. Oliver, and K.Y. Chen. 1983. In R.M. Genet
(Ed.), Microcomputers in Astronomy. Fairborn, Ohio: Fairborn
Observatory.

Dayside aurora studies with a color
keogram camera and zenith

photometers

R. H. EATHER

Boston College
Physics Department

Chestnut Hill, Massachusetts 02167

We have previously described the color keogram camera op-
erated at South Pole Station (Eather and Mende 1981; Eather
1982). Several new features of cusp-associated dayside aurora
have been identified and are described in a paper by Eather
(1984). To allow more sensitive coordinated studies with
riometers, a two-channel zenithal photometer was installed at
South Pole Station in January 1983 and a second such instru-
ment was installed at McMurdo Station in January 1984.

All instrumentation operated successfully throughout the
1983 austral winter and coordinated studies are currently un-

derway with riometer, very-low-frequency, ultra-low-frequency
magnetometer, and Dynamics Explorer satellite imaging data.

We have also recently completed (using South Pole Station
keogram data) a study of the influence of the interplanetary
magnetic field and substorms on dayside aurora! position. We
concluded that substorm effects are the dominant driving
mechanism, and I report this work in detail elsewhere (in
preparation).

This work is supported by National Science Foundation grant
DPP 82-15312. Fieldwork was carried out by R.H. Eather and
D.L. Bourke, January, 1983.
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Services, support, other

Polar Research Board: Antarctic-
related activities June 1983 to June

1984

W. T. HUSHEN and B. E. COMPTON

National Research Council
of the

National Academy of Sciences
Washington, D.C. 20418

Since its founding in 1958, the Polar Research Board has
monitored the status and needs of polar science and assisted
U.S. government agencies in the development and mainte-
nance of strong programs of polar research that are responsive
to scientific opportunities and national interests in the Arctic
and Antarctic. A second major set of responsibilities derives
from the Board's role as U.S. National Committee for the Scien-
tific Committee on Antarctic Research (SCAR) of the Interna-
tional Council of Scientific Unions. The Board ensures par-
ticipation of the U.S. polar research community in the meetings
and planning activities of this organization and encourages
international cooperation in research recommended by SCAR.

The Board meets semiannually, in spring and fall, to review
its program, develop U.S. positions on matters to come before
SCAR, and provide a forum for the presentation and discussion
of information about federal agency programs in the Arctic and
Antarctic, as well as about the activities of nonfederal organiza-
tions with polar interests. Interaction at Board meetings often
reveals questions or needs that become the focus for new stud-
ies—either as part of the Board's ongoing 'Polar Research—A
Strategy" series or as specific responses to federal agency re-
quests for advice on some aspect of a program.

The Board and its subgroups are multidisciplinary, with rep-
resentatives of biological, earth, medical, physical, and social
sciences and of engineering . * It has two standing committees,
on glaciology and permafrost, and a number of ad hoc groups

*Curren t Board membership: C.R. Bentley (Chairman), W. Lawrence
Gates, Ben C. Gerwick, Jr., Richard M. Goody, Arnold L. Gordon,
Hans 0. Jahns, Philip L. Johnson, Arthur H. Lachenbruch, Louis J.
Lanzerotti, Chester M. Pierce, Juan G. Roederer, Robert H. Rutford,
John H. Steele, Ian Stirling, and Cornelius W. Sullivan. Ex-officio mem-
bers: Jerry Brown (Chairman, Committee on Permafrost), Mark F
Meier (Chairman, Committee on Glaciology), and James H. Zumberge
(U.S. Delegate to SCAR).

that are appointed to conduct specific studies and are dis-
charged on their completion.

The Board tries to maintain balance in its membership be-
tween those with arctic and antarctic experience and expertise
and, over time, to maintain balance in its program, though as
U.S. National Committee for SCAR, much of its attention is
focused on antarctic concerns. This report deals only with the
Board's antarctic activities.

During calendar year 1983 the Board and its subgroups held
18 meetings in connection with their own projects and also took
part in seven meetings of other organizations concerned with
polar research. In addition, although 1983 was not a year in
which the SCAR biennial plenary sessions were held, there were
19 gatherings related to activities of SCAR, its Groups of Spe-
cialists and Working Groups, or the Antarctic Treaty Nations
that were of particular interest to the Board and in which its
members, sponsors, or affiliates took part. In addition to these
activities, the Board published eight reports during 1983. Nine
others were in various stages of preparation.

Domestic activities. In 1983, the Board published its report
Research Emphases for the U.S. Antarctic Program, which was
widely distributed. The report was reprinted in response to the
heavy demand for it. [A summary of the report appeared in the
Antarctic Journal of the U.S., 18(5) and EOS, 65(24).] The report
served as the basis for National Academy of Science testimony
before Congress on the "Implementing Legislation for the Con-
vention for the Conservation of Antarctic Marine Living
Resources."

In 1980 the Polar Research Board initiated a series of studies to
develop a strategy for polar research over the next decade. The
last such survey had been published in 1970. Rather than a
single volume covering the entire field, the Board decided on a
series of reports on various disciplines of polar science or par-
ticular problems and questions related to polar research. The
principal objectives are to review the status of research, to
identify promising directions for future effort, and to recom-
mend priorities in research. The reports also deal with the
facilities and support required to realize the recommended re-
search objectives. To date, these reports in the series have been
issued:
• An evaluation of antarctic marine ecosystem research, 1981
• Study of the upper atmosphere and near-Earth space in polar regions;

Scientific status and recommendations for future directions, 1982
• Polar biomedical research: an assessment, with a separately

bound appendix, Polar medicine–a literature review, 1982
• Snow and ice research: an assessment, 1983
• Permafrost research: an assessment of future needs, 1983. Four

additional studies in the series are in progress, and plans for
two new ones are under way.
Three of the strategy studies currently in progress deal with

antarctic solid-earth geosciences, antarctic physical and chemi-
cal oceanography, and the polar regions and climatic change.
The first is concerned with the evolution of the crust of the
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antarctic continent and the adjacent seafloor and with the ant-
arctic environment. Geological processes, geodynamics, global
climate links, and implications for potential resource explora-
tion and development are discussed. A research strategy, in-
cluding scientific priorities, methodology, and chronology for
future research will be recommended. The oceanographic
study focuses on water-mass conversion, dynamics and ther-
modynamics of the Antarctic Circumpolar Current, coupling of
the southern ocean with the world ocean, sea/air/ice interac-
tion, and large-scale modeling. The third study looks at the
polar regions as sources of climatic unrest, in particular, the
influence of antarctic sea ice on climate dynamics and the role of
the antarctic continent as a global heat sink. The study also
deals with the development (using data preserved in ice sheets,
ocean-floor sediments, and, in the arctic, tundra and boreal
zones) of a quantitative record of past climate variations and the
processes responsible for them. The study concludes with a
discussion of future environmental concerns, such as a possible
increase in world sea level resulting from the melting of ant-
arctic ice sheets. Research needs and priorities are outlined in
each of these fields. The study was in press at the time this
article was prepared; reports on the other two studies are ex-
pected within the next 18 months.

A major project in 1983 was the Workshop on Potential Car-
bon-Dioxide-Induced Changes in the Environment of West
Antarctica, organized by the Board's Committee on Glaciology
and held at the University of Wisconsin, Madison, 5-7 July
1983. The objective of the workshop was to respond to a series
of questions posed by the Carbon Dioxide Research Division of
the Department of Energy which requested the study. These
questions pertained to the adequacy of climate model simula-
tions in representing present conditions; the information re-
quired to determine the sensitivity of antarctic ice caps, shelves,
and sea ice to warming; the application of climate model results
to time-dependent ice dynamics; priorities in efforts to improve
models; and improved coordination between observational
studies and theoretical work and modeling. The workshop
provided an opportunity for theoreticians to gain a better un-
derstanding of the physical processes they are attempting to
model and the data that are available; in turn, research scientists
were informed about the needs of the model-makers and the
types of data required to improve models. The Committee on
Glaciology prepared a summary report presenting the major
findings and recommendations of the workshop. An appendix
includes the 12 workshop presentations and constitutes the
proceedings. (The report was in press at the time this article was
prepared.)

Subsequent to this workshop, in further discussions with the
Department of Energy and at the Committee on Glaciology's
December 1983 meeting, agreement was reached on the need
for a definitive study on the relationship between land ice and
sea level, especially in relation to possible carbon-dioxide-in-
duced climatic change. Several recent reports have asserted that
glacier melts will significantly raise sea level over the next cen-
tury. The study would examine the evidence for an exchange of
water between land ice and ocean over the past century (includ-
ing glaciological, oceanographic, and geoidal evidence), gaps in
understanding of the processes involved in such an exchange,
and predictions for the future. The study is expected to get
underway by fall 1984.

In response to a request from the National Science Founda-
tion, the Committee on Glaciology held a workshop on the
"Analysis of Deep Ice Core from Greenland" in February 1984.
The results of this workshop and responses to a Committee

survey of the U.S. scientific community identify potential inter-
est in and analysis of deep ice core. The results of this workshop
and survey are also applicable to ice cores from Antarctica.

In January 1984, the Board's Committee on Polar Biomedical
Research began work on a follow-up to its 1982 strategy study.
Part of the new study deals with improving awareness, access,
and application of polar biomedical data. Committee members
are making site visits to facilities for storing and processing of
antarctic and arctic polar biomedical data and are exploring the
feasibility of an information-exchange and advisory research
center in polar biomedicine.

The second part of the study is concerned with medical edu-
cation and promotion of polar biomedical research. Three ques-
tions are being addressed: (1) How can current multidisciplin-
ary health care and medical curricula and training be enhanced
to include polar biomedicine? (2) What inducements can be
offered to careers in polar biomedicine? (3) What means can be
used to promote polar biomedical research?

The Committee on Polar Biomedical Research expects to com-
plete its study and publish its report during the first part of
1985.

International activities. The National Academy of Sciences is
the U.S. adhering organization to the International Council of
Scientific Unions (Icsu). In addition to unions and commis-
sions, icsu has scientific committees, one of which is SCAR. The
principal purpose of SCAR is to foster international cooperation
and coordination in Antarctic research. It has nine standing
Working Groups and five Groups of Specialists that carry out
much of its work in support of this objective. It also sponsors
symposia and conferences and publishes reports on these, as
well as many handbooks, special reports, and documents help-
ful to those engaged in polar . research. Even though there is no
official connection between SCAR and the Antarctic Treaty Na-
tions; SCAR serves as an unofficial advisory body to the Treaty
Nations in matters of science and technology. In recent years a
number of non-Treaty nations have become interested in Ant-
arctic research, and several of these have been accorded "Ob-
server" status in SCAR.

Although there was no plenary meeting in SCAR in 1983, Polar
Research Board members were active in a number of SCAR meet-
ings and projects and considered issues that will come before
the fall 1984 SCAR session in the Federal Republic of Germany to
include Antarctic conservation matters, SCAR'S response to the
United Nations on a study on the Antarctic Treaty System and
Man's Impact on the Antarctic Environment. Of particular con-
cern to the Board were designated "Sites of Special Scientific
Interest" (SSSI's) and "Specially Protected Areas" (SPA's). The
Board assisted in circulating information about those 551's and
SPA's that were scheduled to expire in July 1985 so that the
relevant Working Groups and the SCAR Executive could initiate
the necessary review procedures. Subsequently, the Treaty Na-
tions extended these sites through 1985 to permit completion of
the review and consideration at the next SCAR Plenary Session.
Further, the Board has surveyed the U.S. scientific community
in regard to the nature of research conducted at the 5551's, the
need for continued protection for some sites, and possible new
sites. The Board is developing management plans for four new
sites recommended for protection as well as developing the
concept of a new category of protective sites. To assist in this
endeavor, a special session was held immediately before the
Board's fall 1983 meeting at which concerned agencies and
nongovernmental organizations could discuss plans for the
atlas, SCAR activities related to conservation, and ways to
strengthen these measures and enhance future conservation
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efforts. An "Atlas of Antarctic Protected Areas," is to be issued
in 1985 prior to the joint SCARIIUCN (International Union for the
Conservation of Nature and Natural Resource) Symposium on
the Scientific Requirements for Antarctic Conservation.

From the days of earliest planning, the Board has been active
in the development of the SCAR international research program
on Biological Investigations of Marine Antarctic Systems and
Stocks (BIOMASS). The First International BIOMASS Experiment
(FIBEx) took place from January through March 1981 and re-
sulted in a more reliable estimate of total krill abundance than
had been possible previously as well as new information on krill
biology, ecology, behavior, and distribution. The Second Inter-
national BIOMASS Experiment (sIBEx) will span two southern
summer seasons, 1983-1984 and 1984-1985 and will focus on
both the relationship of krill to the physical and chemical en-
vironment and trophodynamics, particularly with regard to
fish, squid, birds, and marine mammals. Seventeen ships rep-
resenting 11 nations will participate in SIBEX.

Optimizing access to and use of the data from BIOMASS has
been an ongoing concern and has led to plans for a BIOMASS Data
Center, which would be the first international center handling
detailed numerical marine biological data. It would provide not
only a data archiving and distribution system but computer
facilities for future data analysis, and it would stimulate
awareness and use of BIOMASS data through interpretation
workshops. Representatives of the Board have taken a leading
part in these plans, and the Board has sought funds for the
annual U.S. Contribution of the BIOMASS Special Fund, a part of
which supports these data-related activities.

In regard to antarctic mineral resources, a member of the
Board chaired the SCAR group of Specialists on Environmental

Implications of Possible Mineral Resource Exploration and Ex-
ploitation, which prepared a report and recommendations to
SCAR on this subject. Continuing concern about mineral re-
source questions and the role of the Antarctic Treaty in relation
to them led the Board to join with the Antarctican Society in
sponsoring two lectures in 1983, one in April by G. Larminie of
British Petroleum on "Applications of Arctic Oil Technology to
Antarctica," and one in October by R.T. Scully of the Depart-
ment of State on "Future of the Antarctic Treaty System."

Currently, the Board is encouraging plans for a conference in
Antarctica to discuss further operation of the Antarctic Treaty
System. Increased interest in Antarctica and the Antarctic
Treaty System, exhibited by recent United Nations activities,
have made clear the need for heightened awareness of the
realities of the antarctic environment, current activities in the
Antarctic, and the nature and working of the Treaty System.
Papers delivered at the Conference would be published and are
expected to be a useful resource for both the Treaty and non-
Treaty nations, for science and industry, and for the broader
international community concerned with the future of
Antarctica.

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 and the Office of Naval Research,
and by grants from the Department of Energy, Department of
Defense, U.S. Geological Survey, and Andrew W. Mellon Foun-
dation. Additional information is available in the Polar Research

Board annual repoit 1983 and future plans, available from the Polar
Research Board.

NASA participation in the 25th
Japanese Antarctic Research

Expedition (JARE 25)
P. WASILEWSKI

NASA-Goddard Space Flight Center
Greenbelt, Maryland 20771

The Japanese icebreaker Shirase departed Freemantle, Aus-
tralia on 3 December 1983 on her maiden voyage to Antarctica
with a complement of 240 including the Navy crew, 51 members
of the summer and winter expedition teams and me—the only
American, a National Aeronautics and Space Administration
(NASA) scientist. The summer expedition team included NHK
public television personnel, the press, and representatives of
corporations responsible for construction of the major compo-
nents of Shirase, such as the hull, engines, and control systems.
Takesi Nagata, director of the National Institute for Polar Re-
search (NIPR) and the only Japanese scientist to visit the Ant-
arctic aboard Soya, Fuji, and Shirase, the three modern-day Ja-
panese icebreakers, was a member of the summer team.

During transit to the ice, Biological Investigations of Marine
Antarctic Species and Systems (BIOMASS) stations were estab-

lished, providing the opportunity to conduct biological and
chemical oceanography experiments. Sea-water chemistry, nu-
trient content, salinity, and temperature were determined at
each station. Plankton counts were made and dredging
provided a wealth of antarctica bottom fauna for study.

The expedition was composed of scientific and logistical lead-
ership from the NIPR, as well as scientific and technical staffing
from the NIPR, universities, government laboratories, and the
private sector. One very impressive aspect of the Japanese oper-
ation which portends well for the wintering experience was the

Figure 1. Members of the JARE 25 team view the initial bottom dredge
from the helicopter deck of the Shirase.

1984 REVIEW	 241



Figure 2. The gasoline-powered drill used to collect 1,185 rock cores
at lnnhovde, Austhovde, Vesthovde, Skarvsnes, East Ongul, and
West Ongul (regionally located In Lutzow Holm Bay) provides a
scale for one of the spectacular boudinage structures in the high-
grade metamorphic terrain of East Ongui.

evolution of a diverse group of individuals into a versatile and
cohesive unit. A nucleus of professional NIPR personnel, re-
sponsible for scientific and logistical leadership and a source of
experience, provided the impetus. From the time of arrival at
Syowa Station (located at 69 000'S and 39°35'E in the Lutzow
Holm Bay region of East Antarctica), all members of the JARE 25,
the scientists, technical support, doctor, cook, the press, and
the American scientist worked together. Foundations were dug,
cement poured, and plumbing and wiring completed. Fuel
barrels, which had been off loaded from helicopters, were
rolled up a reasonable but strenuous incline to a storage area.
Outdoor barbecues and evening parties were well attended.
Each individual contributed to preparing the station for the
winter and thereby became aware of the body of the station,
including the heartbeat—that is, the new power plant installed
and put into operation byJARE 25 in the building constructed by
members of JARE 24. New and useful skills were learned by all,
confidence levels were raised, and a spirit of cooperation and
unity emerged. This was a pleasant experience for me; I was
glad to have the opportunity to be a part of this.

Since the focus of the summer field operations was the ice-
breaker Shirase, similar comraderie developed between the
Shirase crew and the expedition team at all levels.

Using the helicopters from Shirase, we visited Innhovde,
Austhovde, Vesthovde, and Skarvsnes for 4-5 days of field
camping at each site to accomplish geological reconnaissance,
rock core drilling, and surveying. At these sites and the East
(site of Syowa Station) and West Ongul Islands, we drilled 1,185
cores (about 90 percent oriented) which provide the most de-
tailed paleomagnetic sampling available from the Lutzow Holm
Bay region. One of the primary reasons for the NASA participa-
tion was to extend the crustal magnetization studies being con-
ducted at Goddard Space Flight Center to the antarctic con-
tinent. The Lutzow Holm Bay region is primarily granulite
grade metamorphic terrain, at one time part of the lower
reaches of the crust. We expect a detailed paleomagnetic study
of the Lutzow Holm Bay region, including structural and cool-
ing history information, to emerge from the extensive sample
array. We have tried to sample all lithologies present at each of
the visited sites and, coupled with the geological information
and laboratory measurements, we expect to develop a crustal
magnetization model for the region. This should contribute to
our understanding of the development of large-scale magne-
tization contrasts in the continental crust. The research will be
conducted cooperatively with the NIPR in Tokyo and the NASA-
Goddard Space Flight Center.

Upon completion of the summer field work and the Syowa
Station supply and support, the Shirase moved to Breid Bay to
engage in the establishment of a preliminary antarctic base with
appropriate shelter, food, fuel, and vehicles. These were set in
place for future summer field season activity pending decisions
to be made by NIPR.Prior to leaving the established camp, a
geological reconnaissance in the Sør Rondane Mountains was
completed. Syowa Station accommodates 30-40 civilian person-
nel during the winter. The science at Syowa is primarily set up
for auroral, ionospheric, biological, and meteorological re-
search. Sophisticated equipment used for each area of research
is computer interfaced, and satellite links exist for mete-
orological research and communications and are established
during field surveys for geodetic positioning.

Smithsonian Magazine coverage of
Antarctica

M. PARFIT

Smithsonian Magazine
Washington, D.C. 20560

I am a free-lance writer who undertook an assignment in 1983
to research and write a wide-ranging article about Antarctica for
Smithsonian Magazine. To gather information for my article, I
made two trips to the Antarctic during the 1983-1984 field
season, the austral summer.

My first trip to Antarctica began on 15 November 1983 in
conjunction with the annual press tour, which also included
Malcolm Browne,of Discover Magazine, Ellen Hale of Gannett

News Service, and Robert Cooke of the Boston Globe. Together,
we visited McMurdo Station (which this year boasted a new
camp at The Strand Moraines and a new aquarium); we viewed
the dry valleys (totally ice- and snow-free areas, almost like
deserts on an otherwise snow-covered continent); and we
toured Amundsen-Scott South Pole Station (named to honor
the Norwegian and the Englishman who in 1911 raced one
another across Antarctica to be the first to set foot on the South
Pole). On 23 November, Browne, Hale, and Cooke left.

I stayed on through 8 December interviewing research teams,
support personnel from ITT/Antarctic Services, Inc., and mem-
bers of the U.S. Navy Support Force. My journalistic needs
were incorporated into the hectic but surprisingly smooth logis-
tical operations without a hitch; all those with whom I talked
were cooperative and helpful. I participated in a survival school
and took a brief but invigorating swim in Lake Vanda. I had not
expected to cover sports in Antarctica, but on Thanksgiving Day
I found myself shooting photos of the Thanksgiving Day "Pen-
guin Bowl" football game, and later the Vanda immersion be-
came a short article in Sports Illustrated.
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On 7 February 1984, I returned to McMurdo Station then
went on to Amundsen-Scott South Pole Station to cover the
transition of that station from summer to winter operations. I
conducted more interviews trying to learn as much as I could
about communications, station operation, medical conditions,
and ongoing scientific studies. Back at McMurdo, I conducted
more interviews. I was interested in the details of specific stud-
ies and operations and also in what they could predict about
both the scientific and political future of Antarctica.

I left McMurdo Station on 16 February on board the USCGC
Polar Sea. From its deck, I observed the first helicopter and boat
landings on Siple Island off the coast of Marie Byrd Land.

When the Polar Sea reached Palmer Station, I disembarked
and boarded the iIv Hero (see figure). On board the Hero, I

observed research projects designed to study krill, shrimp-like
creatures that are sometimes found in huge "superswarms" in
the southern oceans. I disembarked at Teniente Marsh Base on
King George Island and stayed there from 29 March to 8 April
interviewing Chilean families and personnel from both Chile's
Marsh Base and the Soviet Union's Bellingshausen Base. The
iIv Hero returned, and on 12 April, I accompanied the Hero's

crew to Argentina's Almirante Brown Base to document the fire
that had destroyed that base and the successful evacuation of its
personnel. The RIv Hero made ports of call at Argentina's Jubany
Base and Poland's Arctowski Base.

To complement the information gathered in Antarctica, I
went to Tokyo, Japan from 21 to 31 May to cover—from the
outside—the informal mineral-rights negotiations meetings
conducted by the Antarctic Treaty Consultative Nations. Al-
though the meetings were closed to the press, I conducted
interviews with many of the delegates there to get a grasp on

The RIv Hero, which is based at Palmer Station, is a research vessel
owned by the National Science Foundation. I conducted interviews
on board the Hero and at its ports of call during my second trip to the
Antarctic.

the complexities of the Antarctic Treaty system.
My article is scheduled to be published in Smithsonian Maga-

zine in two parts in October and November 1984.
Travel in Antarctica was supported by the National Science

Foundation.

Antarctic Marine Geology Research
Facility and Core Library, 1983-1984

D. S. CASSIDY

Department of Geology
Florida State University

Tallahassee, Florida 32306

The role of the Florida State University's (Fsu) Antarctic Ma-
rine Geology Research Facility and Core Library within that of
the U.S. Antarctic Research Program (usARP) is largely one of
service in response to a demand by scientists throughout the
world for samples from the collections stored at the facility and
for information pertaining to these collections. Services
provided for the year 1 June 1983 to 31 May 1984 include, in
addition to the distribution of samples, the receiving and pro-
cessing of new materials, describing cores, and performing
miscellaneous tasks associated with visitor needs.

Samples were distributed from the more than 16,000 meters
of piston, trigger, Phleger, and drill cores, and from dredged,
trawled, and grabbed sediments comprising the USARP collec-
tion. The following specifies sample sources.

Eltanin: FSU distributed 5,236 samples from 111 piston cores
collected aboard 24 of the 47 coring cruises; eight samples were
removed from two trigger cores of two cruises and four samples
from four Phleger cores of one cruise. FSU also distributed 141
samples from 109 Blake and Menzies trawls, Campbell and
Petersen grabs, and rock dredges from 23 cruises.

Islas Orcadas: Researchers sampled 41 piston cores and 63
trigger cores for 258 and 101 samples, respectively. Cores
sampled represent each of the five coring cruises of this vessel.

International Weddell Sea Oceanographic Expedition (IWSOE):
Laboratory scientists took 144 piston core and 32 Phleger core'
samples from four piston and four Phleger cores retrieved
aboard the 1968 and 1970 IWSOE cruises of USCGC Glacier.

Operation Deep Freeze 1979 (USCGC Glacier): FSU distributed
127 samples from four piston cores and one sample from a
Dietz-LaFond grab, recovered off the Adélie and George V
coasts.

Operation Deep Freeze 1982 (LJSCGC Glacier): Researchers re-
moved 48 samples from 12 piston cores and 67 samples from 63
Dietz-LaFond grabs, all retrieved off the coast of the northern
Antarctic Peninsula.

Dry Valley Drilling Project (DVDP): FSU distributed 12 samples
from one drill hole (DVDP 4, Lake Vanda).

Distribution of these 6,179 samples, which were taken from
422 different cores, dredges, trawls, and bottom grabs re-
covered aboard 43 cruises of three vessels, and from one drill
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hole of DVDP, was to 29 investigators representing 20 institu-
tions in five countries (Argentina, Brazil, Yugoslavia, Sweden,
and the United States). Smear slide samples (numbering several
hundred) are not included in this total, nor are miscellaneous
core segments and rock samples sent on-loan to scientists for
nondestructive measurements and X-radiography.

Inventory records for the year show that:
• The 6,179 samples were distributed on the basis of 41 separate

requests (an average of 25 samples per working day, one
request every 6 working days, and 151 samples per request),
and

• more than half of the total number of samples were taken
from Eltanin core, dredge, trawl, and grab samples collected
between 1962 and 1964 (cruises 3 through 14).

These statistics reflect the highly active status of the USARP
sediment collection in custody at the Antarctic Research Facility.
(Note: Approximately 250 bagged splits of grab samples and the
sampling halves of 360 meters of piston and trigger cores re-
trieved aboard USCGC Glacier during austral summers
1980-1981, 1981-1982, and 1982-1983 are currently in tempo-
rary storage at Rice University for active study and sampling by
project scientists under the direction of John B. Anderson.
Samples taken at that institution are not included in the FSU
sample distribution totals.)

Core receipt for the year was limited to approximately 275
meters of frozen drill core recovered from southern Victoria
Land's eastern Taylor Valley (Ely) by members of a U.S. Geo-
logical Survey field team participating in the third drilling sea-
son of the Dry Valleys/McMurdo Sound Magnetostratigraphy
and Sedimentology Project. Received on 23 April 1984, the
shipment consisted of 93 boxes of core (655 kilograms) re-
covered from drill holes ETV-9 through ETV-13. ETV drill core in
storage at FSU now totals 442 meters.

FSU also received approximately 150 kilograms of frozen rock
specimens collected in Antarctica's dry valleys by E. Imre Fried-
mann (Fsu Department of Biology) and 50 kilograms of grab and
other bag samples recovered by John B. Anderson (Rice Univer-
sity) aboard Glacier during the austral summer 1979-1980 in the
Ross Sea (Anderson and Kurtz 1980). The latter specimens had
been held for study since 1980 by Anderson. Miscellaneous
sample residues also were returned to the collection.

FSU completed core descriptions of the 148 piston and trigger
cores (315 meters), 120 grab samples, and miscellaneous bagged
recovery (24 samples) of sediments retrieved aboard USCGC
Glacier during austral summer 1981-1982 (northern Antarctic
Peninsula). We also completed the descriptions of the 21.9
meters of piston-core sediment (17 cores), 22 grab samples, and
miscellaneous bag samples recovered aboard Glacier during
austral summer 1982-1983 (Ross Sea-Sulzberger Bay area).

In preparation by staff of the facility are the final stages of
compilation of a volume of sediment descriptions for the austral
summers 1981-1982 and 1982-1983 materials (Kaharoeddin et
al. 1984). This volume will be the twenty-second in a series of
various documents (Goodell 1964, 1965, 1968; Frakes 1971, 1973;
Simkin et al. 1973; Dry Valley Drilling Project 1974, 1975, 1976;
Cassidy et al. 1977—a, 1977—b; Kaharoeddin 1978; Webb 1978,
1979; Anderson et al. 1981; Elston, Robinson, and Bressler 1981;
Kellogg et al. 1981; Kaharoeddin et al. 1979, 1980, 1982, 1983)
that present the descriptions and attendant data of cored and
otherwise obtained sediments comprising the USARP collection
in storage at the FSU facility.

Highlights of this year's activity with respect to visitor traffic
involve three major programs: those of (1) the U.S. Geological
Survey (usGs) (Menlo Park) aboard the USGS research vessel,

Samuel P. Lee, operating in waters of the Ross Sea and adjacent
continental margins; (2) the Brazilian Antarctic Program (PRo-
ANTAR), and (3) CIROS (Cenozoic Investigations in the Western
Ross Sea), a New Zealand drilling project (Barrett 1982).

USGS personnel made two visits to FSU for 35 millimeter
continuous strip-film color photography of selected USNS
Eltanin and USCGC Glacier piston cores retrieved from areas to be
investigated by the January 1984 cruise of Samuel P. Lee.

A contingent of visiting scientists from Brazil, representing
the Federal University of Rio Grande of the South (Porto Alegre)
and the Federal Division of Geology and Mineralogy (Brasilia),
provided operational liaison between PROANTAR interests in
Antarctica and the resources of the FSU Antarctic Research Facil-
ity with respect to sample availability in the region of the re-
cently established Brazilian base (Commandante Ferraz) on
King George Island.

The expedition manager of the Victoria University of Well-
ington's (New Zealand) field drilling team for Project CIROS also
visited FSU. The CIROS project is expected to recover 1,500 meters
of drill core over a 3-year period beginning with the 1984-1985
field season. Although it is exclusively funded by the New
Zealand government, the project is of interest to a considerable
number of U.S. investigators concerned with the history of
Cenozoic glaciation in the Ross Sea/McMurdo Sound area. In
support of this interest, the National Science Foundation has
agreed to the FSU facility being designated as the depository for
one-half splits of all CIROS core. Coordination of U.S. research
interests in these materials will be the responsibility of Peter
Noel-Webb (Ohio State University).

A particularly valuable resource available to visitors is the
Antarctic Reference Library, a collection of reprints, maps, ref-
erence volumes, serial publications, and other literature com-
prising several thousand items that document high-latitude
investigations in, around, or related to Antarctica, with special
emphasis being placed upon the acquisition of publications that
concern the results of analyses performed upon samples dis-
tributed from the sediment collections. An active exchange of
publications is maintained with institutional and individual
members of the antarctic research community.

Funding in support of the FSU curatorial program is provided
by National Science Foundation contract C-1059.
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World Data Center-A for Glaciology
antarctic-related activities, 1983-1984

R. G. BARRY and A. M. BRENNAN

WDC-A for Glaciology
University of Colorado

Boulder, Colorado 80309

The World Data Center-A for Glaciology (Snow and Ice)
(wDc-A) has been involved in 1983 with several antarctic data
management, analysis, and archiving projects.

Because of the climatic significance of antarctic snow- and ice-
phenomena, WDC-A organized and convened a specialist work-
shop to address the problems of antarctic climate-related data.
The workshop, sponsored by the Scientific Committee on Ant-
arctic Research (SCAR), was held in conjunction with the XVIII
General Assembly of the International Union of Geodesy and
Geophysics at Hamburg, Federal Republic of Germany on 14-15
August 1983. Twelve participants and six observers (from eight
countries) representing the major disciplinary fields of antarctic
climate research and specialists on data management took part.
A summary of the workshop discussions and recommenda-
tions is published in Glaciological Data Report, GD-15, June 1984
(Barry 1984-b).

The workshop participants recommended: implementation
of a data management strategy for antarctic climate data; prepa-
ration of a detailed catalog of existing data; release of antarctic
data promptly via existing archiving channels; preparation of
standardized readily accessible digital sets of meteorological
data for the antarctic region; and publication of a standardized
annual synopsis of antarctic climate data. The recommenda-
tions are specifically directed to SCAR, but they are also being
forwarded to the World Meteorological Organization (wMO)
Executive Committee on Working Group on Antarctic Mete-
orology, the wo World Climate Data Programme, and the
relevant World Data Centers.

The workshop report also presents a preliminary survey of
antarctic data sets, based on materials submitted by the work-
shop participants. A summary of data categories, observational
sources, networks, and disposition for the broad subject areas
of synoptic meteorology, climatology, oceanography, and
glaciology is included as an appendix. A preliminary inventory
of data held by various archives (in Australia, England, Japan,
New Zealand, Norway, Poland, and the United States) is also
provided. Future updates are planned to make this compilation
more comprehensive.

The report contains a comparison of recent studies of ant-
arctic sea ice area prepared by A.P. Sturman, Visiting Fellow,
and Mark Anderson, Graduate Research Assistant, at the Uni-
versity of Colorado's Cooperative Institute for Research in En-
vironmental Sciences (CIRES). Seven sea-ice data sets are inter-
compared. All data sets were derived from the Navy/National
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Oceanic and Atmospheric Administration (N0AA) Joint Ice Cen-
ter charts but using different methods of analysis and criteria
for data selection. Significant differences in mean annual and
monthly ice areas were identified suggesting that caution is
needed in applying or extending these data sets.

WDC-A has contributed a "Snow and Ice" chapter to the
CODATA Directory of Data Sources for Science and Technology
(Barry 1984-a). This chapter provides an overview of the prin-
cipal agencies and institutions involved in glaciological data
collection. Its scope is worldwide, but information is presented
about numerous U.S. and foreign scientists doing research on
the Antarctic.

The forthcoming update of the NOAAlNational Environmen-
tal Satellite Data, and Information Service (NESDIS) Environ-
mental Inventories, Antarctic Area will include plots of coverage of
WDC-A's holdings of Defense Meteorological Satellite Program
data, ice thickness profiles, and geomagnetics generated during
National Science Foundation funded remote-sensing flights in
1977-1978 and 1978-1979. Also included is a plot indicating the
sites of ice-core drilling activity. This plot resulted from an
inventory, which WDC-A has compiled, of ice cores reported in
the literature between 1949 and 1980.

Two new data sets of particular interest to antarctic re-
searchers have been added to the WDC-A holdings. (1) The
Scanning Multichannel Microwave Radiometer (sMMR) data set
consists of individual cryospheric parameters for regions north
of 23°N and south of 50°S latitudes. The data are available on
magnetic tapes in orbital and mapped format. The temporal

coverage for each format varies: daily orbital data; 3-day inte-
grated mapped data (2 data-days per 3-4 calendar days); and
monthly averages of sea-ice concentration only. Currently only
the first year of data, October 1978 through November 1979, is
available. Updates to the WDC products will be created when the
original data are released by the National Aeronautics and Space
Administration. (2) The Navy/NOAA Joint Ice Center (jic) Digi-
tal Data have been digitized and gridded by the jIc from the
weekly sea-ice charts (copies of these are also archived in WDc-
A). The gridded data are spaced at less than or equal to 15-
nautical-mile intervals on an evenly divisible, latitude-long-
itude geographic grid. Sea-ice concentrations, ice type, surface
features, and other related information are coded using the
proposed wMo Standard Gridded Sea Ice Information (SIGRID)
system. Copies of a report describing this digital format are
available from WDC-A.

This work was supported in part by Department of Corn-
merce/NOAA contract NA79RAH00002 from the National
Geophysical Data Center, NOAA/NESDIS.
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Bibliographic control of the growing
antarctic literature

C. T. THuRorwI

Science and Technology Division
Library of Congress

Washington, D.C. 20540

In 1963 the National Science Foundation issued a grant to the
Library of Congress for the bibliographic control of antarctic
world literature. The grant, originally awarded for 1 year, was
renewed for successive periods, and continues to be in effect.
The service, provided under the agreement by the Cold Re-
gions Bibliography Project, has been designed primarily as a
support activity, to help the Foundation's Division of Polar Pro-
grams (DPP) fulfill its functions effectively. The project ad-
dresses itself, essentially, to three needs of the Foundation.
• Current awareness. To meet this need, the Library of Con-

gress publishes the monthly bulletin Current Antarctic Liter-
ature (CAL), containing citations and abstracts of antarctic
world literature.

• Retrospective searching. To facilitate this, citations and ab-
stracts are cumulated every 18 months into hard-bound, in-
dexed volumes under the title Antarctic Bibliography (AB). Fur-
thermore, the full bibliographic records are available for on-

line retrieval through the System Development Corporation's
ORBIT system.

• Documentation. Each document cited in CAL/AB is reduced to
microfiche.
In addition, the project serves the scientific community at

large by contributing to world-wide dissemination of results of
antarctic research, as encouraged by the Antarctic Treaty.

The base product of the project's activity is the machine-
readable bibliographic citation with abstract and index terms,
which lends itself to automated manipulation and re-packag-
ing. The document cited may be a journal article, technical or
administrative report, conference paper, monograph, map, etc.
Because of the considerable diversity of antarctic source docu-
ments we cannot rely on a fixed list of subscriptions, but other—
often more time-consuming—methods must be used to locate
pertinent items.

The project's bibliographic citations (printed and computer-
stored) now number over 30,000, with an accession rate of 1,600
per year, based on the last 9 years. During the 12-month period
from June 1983 to May 1984 the increase was 1,870, 17 percent
above average. This can be attributed in part to the recent
publication of several conference proceedings, e.g., the Seventh
symposium on antarctic meteorites, (see CAL E-28034), Fourth sym-
posium on polar meteorology and glaciology (1-28154), Fifth sym-
posium on coordinated observations of the ionosphere and the magne-
tosphere in the polar regions (K-28266), Biomass colloquium in 1982
(B-28941), Third symposium on antarctic geosciences (E-29111), Fifth
symposium on polar meteorology and glaciology (1-29260), all spon-
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sored and published by the National Institute of Polar Research,
Tokyo; Antarctic resources policy: scientific, legal, and political issues

(A-28807), Seminar and report of the krill biology group (B-29339),
and Fourth international symposium on antarctic earth science
(E-29517). Another factor in the increase of literature is the entry
of several new countries into the antarctic research community,
as exemplified by the 30 papers published by the Department of
Ocean Development, New Delhi, in its report on the First
Indian Expedition to Antarctica (A-29432). It remains to be seen
whether the increase marks a trend or merely a temporary
fluctuation.

A recent development for the project's was the publication of
cumulative indexes to volumes 8-12 of the Antarctic Bibliography.

Even though they were produced from data already machine-
readable and properly tagged, these indexes required a fair
amount of editing, modification, and cross-referencing, to
avoid inconsistencies brought about by changes in vocabulary
and indexing practices over an input period of over 7 years. In
anticipation of these difficulties, the project's indexing policies
have been, and continue to be, rather conservative, even
though the need for adaptation to changing scientific concepts
and terminology is fully recognized. For subject indexing, a

fixed vocabulary is used that is changed from time to time only
after thorough consultation. Similarly, the subject categories
used to arrange the citations into 13 sections have not been
changed since the bibliography's inception. It may soon become
appropriate to contemplate some modifications. One category
that appears to be diminishing in significance is "Expeditions,"
which was represented by 2.7 percent of items cited in volume I
(1963-1964) and is down to 1.02 percent in volume 13
(1982-1983). On the other hand, a good argument can be made
for creating new categories for the growing literature on mete-
orites and on the catching and processing of krill, for example.
Conservative tendencies, however, are encouraged by the diffi-
culty of reindexing the mass of data on file and the fact that other
agencies who receive the computerized data (the System De-
velopment Corporation, Santa Monica and the National In-
stitute of Polar Research, Tokyo) rely on a high level of
consistency.

Meanwhile, the primary goal remains to provide complete
and timely coverage of the world literature. Authors and pub-
lishers can help by sending publications, reprints, or citations
to: Cold Regions Bibliography Project, Science and Technology
Division, Library of Congress, Washington, D.C. 20540.

Antarctic Research Series

J. C. H0L0vIAK

American Geophysical Union
2000 Florida Avenue, NW
Washington, D.C. 20009

The Antarctic Research Series is a book series designed to serve
scientists and graduate students actively engaged in antarctic or
closely related research and others versed in the biological or
physical sciences. It continues to be the publication medium for
extensive reports on antarctic research that are too lengthy or
comprehensive for inclusion in standard disciplinary journals.
The series has been published by the American Geophysical
Union (AGu) since 1963 with continuing grant support from the
National Science Foundation (DPP 80-19997).

Priorities for publication are set by the Board of Associate
Editors which works with the individual editors of each volume
to assure that the objectives of the series are met, that the best
possible papers are presented, and that publication is achieved
in a timely manner. Each paper is critically reviewed by two or
more expert referees to ensure that the standards of scientific
excellence set by the AGU publications program are maintained.
Marine biology, oceanology, meteorology, upper atmospheric
physics, terrestrial biology, snow and ice, human adaptability,
and geology have all been covered by the series. The Antarctic

Research Series is the definitive series presenting authoritative
work with uniformly high scientific and editorial standards
from the leading scientists engaged in antarctic research.

Breaking with traditional format, the series provides for rapid
publication with soft-cover minibooks which allow papers to be
published as they are completed or as results become available.

Usually two or three closely related articles are published to-
gether. Individuals may purchase the separate minibooks or
subscribe to a volume. Libraries with standing orders receive
the individual papers as they are published 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 publication simultaneously.

Future topics to be published in the series include geology
and paleontology of Seymour Island, Cenozoic paleoenviron-
ment of the southern ocean, biology of the antarctic seas,
geology of northern Victoria Land, and volcanology.

Individuals wanting to develop a thematic volume for the
series must prepare a proposal for review by the Board of
Associate Editors. Authors of individual papers should contact
a Board member through AGU to determine whether a volume
in a specific field is in process and whether the work is appropri-
ate for inclusion.

Proposal forms and information for contributors are available
from AGU, 2000 Florida Avenue, NW, Washington, DC 20009
(202) 462-6903. Catalogs of books in print are divided according
to physical or biological sciences; copies of both are available
from AGU.

These Antarctic Research Series volumes were published in
1983:

• Volume 34. Paper 3: Biology of the Antarctic Seas XI/Antarctic
Chaetognatha: United States Antarctic Research Program
Eltanin Cruises 8-28, Part 1.

• Volume 37. Terrestrial Biology 11/Contribution to the Flora
and Vegetation of Isla de los Estades, Tierra del Fuego,
Argentina.

• Volume 38. Biology of the Antarctic Seas XIII.
• Volume 39. Paper 1: Some Antarctic and Sub-Antarctic Sea

Anemones (Coelenterata: Ptychodactiaria and Actiniaria.)
Paper 2: Antarctic Chaetognatha: United States Antarctic Re-
search Program Eltanin Cruises 10-23, 25, and 27, Part 2.
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Paper 3: Polychaetes of the Family Spionidae from South
America, Antarctica, and Adjacent Seas and Islands. Paper 4:
Antarctic Nemerteans: The Anatomy, Distribution, and Biol-
ogy of Parborlasia corrugatus (McIntosh 1876) (Hetero-
nemertea, Lineidae). Paper 5: Calanoid Copepods Of the Fam-
ily Phaennidae from Antarctic and Subantarctic Waters.

These Antarctic Research Series volumes were published in
1984:

• Volume 36. Paper 4: The Paleomagnetic Investigation of
Flows and Sills from the Queen Alexandra Range, Ant-

arctica. Paper 5: Central Transantarctic Mountains Non-
marine Deposits. Paper 6: Geology of Coalsack Bluff, Ant-
arctica. Paper 7: Triassic Stratigraphy of the Shackleton
Glacier Arc.
Volume 40. Biology of the Antarctic Seas XV/Antarctic
Halacaroidea.
Volume 41. Paper 1: More Antarctic and Subantarctic Sea
Anemones (Coelenterata: Coraffimorpharia and Actiniaria).
Paper 2: The Ascothoracid Crustacean Ascothorax Gigas: Re-
description, Larval Development, and Notes on Its Infesta-
tion of the Antarctic Opohicaroid.

.

S

Mapping activities in Antarctica

R. B. SOUTHARD

National Mapping Division
U.S. Geological Survey
Reston, Virginia 22092

The National Mapping Division (NMD) of the U.S. Geological
Survey (usGs) has maintained the role of Antarctic Mapping
Center for the United States for more than one quarter of a
century. During that time the contributions made to the car-
tographic coverage have been many. Over 130 maps at varying
scales have already been published by NMD. These maps vary
from 1:50,000-scale topographic maps to a satellite-image map
at 1:2,188,800 scale. By far the majority of the maps published
are at the 1:250,000 scale. This provides a reasonable level of
detail to meet most current needs at a cost that is commensurate
with funding capacity and field mapping activities in the hostile
antarctic environment.

During the 1983-1984 summer season, NMD sent two car-
tographers, William Harris and Ralph Vomaske, to Antarctica to
continue the long-standing effort to establish a unified geodetic
control network for mapping and for geodetic analysis and
computations. This year the work was conducted in the dry
valley region of the Royal Society Range to support U.S. and
New Zealand mapping in the area. Both satellite Doppler tech-
niques and conventional surveying techniques were employed.

As usual, support was also provided to projects being con-
ducted by scientists in other disciplines in addition to the mis-
sion objectives of the mapping program.

Geodetic activities kept the cartographers longer than usual
in Antarctica this year. They joined the team of scientists on the
USCGC Polar Sea and attempted to get satellite Doppler position-
ing at various coastal locations that were otherwise unreachable.
Bad weather precluded their meeting some mission objectives;
however, they did obtain a new, more accurate position for
Mount Siple. That and the discovery of a new island at approx-
imately 73°06'30"S 126°29'00"W by Dick Cameron of the Na-
tional Science Foundation underscores the continuing need for
cartographic work in Antarctica.

In all, a total of 20 satellite Doppler positions were obtained
during the season and many more positions were obtained by
conventional methods as parts of traverses or as radial spur
lines. Although some points were obtained by intersection, this
technique was used only where absolutely necessary because of
the difficulty of precise identification of unoccupied points.

In addition, the cartographic team visited Amundsen-Scott
South Pole Station and conducted a triangulation survey that
relocated the copper tube marking the true geographic South
Pole (TGSP). The reference point at South Pole Station is the
satellite Doppler antenna located near the geodesic dome. Re-
cent data (August 1983) show that the reference point is 460
meters from the TGSP and that the snow surface elevation is
2,806 meters above sea level. Precise positioning computations
indicate that the ice sheet at the South Pole is moving at the rate
of approximately 10 meters per year.

The uscs operates a fixed satellite Doppler receiving station
year-round at Amundsen-Scott South Pole Station. The satel-
lite-tracking observations obtained daily provide orbital config-
uration data used to establish precise ephemerides of individual
navigational satellites.

In addition, a USGS seismometer is operated and maintained.
With its isolated location, remote from manmade disturbances,
the seismometer serves as a vital link in the Worldwide Stan-
dardized Seismological Network. Tremors recorded elsewhere
in the Southern Hemisphere are confirmed or refuted at South
Pole.

USGS personnel wintering during the 1983-1984 season are
Gary Foltz and Christopher Baumann.

We were very successful in obtaining aerial photography. By
using films and printing techniques not previously attempted
for antarctic work, NMD cartographer Jerry Mullins successfully
captured snow surface detail of ice stream B that was previously
unobtainable. We also obtained aerial photographs with excel-
lent detail of penguin rookeries in the Ross Sea area as well as
mapping quality aerial photographs of the Royal Society Range,
Mount Siple, Turks Head, Tryggve Point, and Mason Spur.

During 1984 three 1:1,000,000-scale maps were released as
open-file reports. They are the Ronne Ice Shelf, Berkner Island,
and Filchner Ice Shelf satellite-image maps. In addition, five
more open-file reports have been released consisting of pre-
liminary special map data that had previously been prepared.
They are: Cape Crozier, Ross Island (1:4,800 and 1:2,400 scales);
Wright Valley Labyrinth Area (1:20,000 scale); Ice-Free Valleys,
Victoria Land (1:100,000); Skelton Glacier (1:100,000); and Pen-
sacola Mountains (1:50,000).

The Shackleton Mountains topographic reconnaissance map
(scale 1:250,000) was published in 1984, as was a new map index
including new maps published since the last index and listing
the open-file reports available and how to obtain them.

Preliminary work has also begun on a new series of satellite-
image maps. These will use new digital enhancement tech-
nologies as well as special image map technologies developed
through NMD's involvement in satellite-image mapping
throughout the world.
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Multispectral digital mapping of
Antarctica with Landsat images

B. K. LuccHITTA and E. M. ELIASON

U.S. Geological Survey
Flagstaff, Arizona 86001

S. SOUTHWORTH

U.S. Geological Survey
(591) National Center
Reston, Virginia 22092

A program to prepare digital mosaics of multispectral (mss)
Landsat images has been initiated by the U.S. Geological Sur-
vey to provide accurate synoptic views of land and ice features
in Antarctica. The mosaics aid in understanding the kinematics
and dynamics of the ice shield and, when compared with other
images taken in different years, furnish information on the
waxing and waning of the antarctic ice sheets. Additionally,
derivative products of the images will aid in the identification of
types of snow, ice, and soil.

About 170 computer-compatible tapes (figure 1) have been
acquired covering the coastline along Victoria Land, Marie Byrd
Land, the Antarctic Peninsula, and selected areas in the
Ellsworth Mountains, the Shackleton Range, and Dronning
Maud Land. The areas were chosen because their Landsat im-
ages accurately portray nunataks and the coastline as seen in the
early to mid-1970's. Landsat coverage of Antarctica extends to
only about latitude 81°S; therefore, large parts of the Transan -
tarctic Mountains are not available for analysis.

Calibration of data from individual Landsat images involves
radiometric corrections, noise removal, and geometric correc-
tions. Further processing includes haze removal, image-enhan-
cement techniques, geometric transformation to a standard pol-
ar projection, and digital techniques to minimize tone
mismatching at scene boundaries. The mosaics will be pub-
lished eventually as colored image maps at scales of 1:1,000,000
and 1:250,000. Previously published Landsat-image maps were
based mostly on unenhanced paper prints. The comparison
pair in figure 2 shows that significant improvements in image
quality can be obtained by the digital-enhancement process.

The preparation of multispectral digital mosaics of Antarctica
is not without problems. Some tapes are no longer available
because of degradation during tape storage. Many images are
saturated in bands 4 and 5, and to some extent in band 6; band 7
is never saturated. The saturation appears to depend on Sun
angle: Sun-elevation angles between 15° and 22° generally yield
unsaturated images, angles below 15° yield degraded images
because of atmospheric effects and large shadows, angles high-
er than 22° yield saturated images. Consequently, images ac-
quired inland and close to the South Pole tend to be unsaturated
because of their low Sun angles, whereas images taken near the
west antarctic coastline and the Antarctic Peninsula tend to be
saturated. Only snow and ice information is degraded; rock,
soil, and water data remain usable.

We are currently developing a restoration technique for re-
constructing the saturated snow and ice information in bands 4
and 5. If an image contains undulating terrain, slopes facing
away from the sun will be lower in brightness value and less

subject to saturation than flat areas or slopes facing toward the
Sun. To a first order, the spectral-color ratios of snow and ice will
be independent of sun-elevation angle. During the restoration,
images are scanned for snow and ice areas that are unsaturated,
and statistical relations are established between the band ratios
4/7, 5/7, and 6/7. From these relations, band 5 can be predicted
as a function of the 6/7 ratio and intensity of band 7, and band 4
can be predicted as a function of the 6/7 and 5/7 ratios and
intensity of band 7. A second pass through the data will apply
these functional relations to saturated areas. For images having
insufficient areas of unsaturated snow and ice, the functional
relation from other less saturated images can be applied.

Another problem in digital mosaicking is tone matching of
images having different color and brightness signatures caused
by differing Sun-elevation angles and atmospheric conditions.
To minimize tone mismatching of images in a mosaic, the mean
and standard deviation of density numbers in overlapping im-
age areas are determined and compared. Multiplicative and
additive constants are then calculated; their iterative application
to each image minimizes the sum of the differences in the mean
and standard deviation for the overlapping areas, and the im-
ages thus approach uniform tones.

Analysis of preliminary mosaics and derivative maps has
yielded geologic as well as glaciologic results. The spectral sig-
natures of soil and rock are sufficiently different from those of
snow and ice to permit the preparation of maps showing only
nunataks, thus furnishing precise information on their location.
Bedrock and soil exposures in nunataks are generally small, but
where bedrock exposures are extensive, as in the dry valleys of
Victoria Land, lack of vegetation and presence of a clean at-
mosphere and physically weathered bedrock facilitate discrimi-
nation of rock types. On the basis of spectral ratios, sandstones
can be clearly distinguished from dolerites and granites. Struc-
tural information is enhanced in first-derivative images, result-
ing in the recognition of lineation sets. Meteorites, whose pres-
ence in Antarctica recently acquired much significance, occur

Figure 1. Aerial coverage of Landsat scenes and computer-compati-
ble tapes acquired by the U.S. Geological Survey. ("-" denotes
approximately; "KM" denotes kilometer.)

1984 REVIEW	 249



1It

11k	C'

,

)P1t	 $1

S\\

' 4
Figure 2. Landsat image 2281-07424(30 October 1975) showing the JUtuistraumen Glacier in Dronning Maud Land. (Left) Unenhanced band 7.
(Right) Composite of enhanced bands 4, 5, and 7. Notice improved definition of flow lines in glacier (right center), in wind streaks crossing
glacier (lower right center) and in undulations of ice sheet. Blue-Ice areas (arrows) show as light blue in false-color version. ("KM" denotes
kilometer.)

mostly in blue-ice areas. Blue ice is easily identified on multi-
spectral Landsat images, and many new such areas are being
discovered. Also, blue-ice areas appear to be preferentially de-
veloped over buried mountain ranges; this relation is aiding in
their identification and location. For glaciological research, the
synoptic view of the Landsat-image mosaics permits a regional

picture of glacial systems and aids in the interpretation of the
dynamics of the antarctic ice sheets. Furthermore, the mosaics
precisely delineate the coastline as it existed during the early to
mid-1970's; this information will provide an important baseline
for the evaluation of future changes in the Antarctic ice sheets.
Such changes have profound implications for world climate.

ITT/Antarctic Services, Inc. support to
U.S. Antarctic Research Program

1983-1984

R. A. BECKER

ITT/Antarctic Services, Inc.
Paramus, New Jersey, 07652

This marked the fourth year that ITT/Antarctic Services, Inc.
(ANs) has provided support service to the United States Ant-
arctic Research Program. Primary responsibilities were divided
between continental Antarctica and the Antarctic Peninsula. In
the continental area, ANS operated and maintained facilities at
Williams Field, McMurdo Station, South Pole Station, Siple

Station, and a remote field camp located on the Siple Coast. In
the peninsula area, ANS's primary tasks were operating and
maintaining Palmer Station and the RIv Hero. Specific con-
struction and renovation projects, as approved by the National
Science Foundation, were either begun, continued, or com -
pleted at all locations. Support of annual scientific investiga-
tions at the various sites was also an ANS responsibility.

Contract management was based at Paramus, New Jersey;
specialized support functions were effected through offices
maintained at Port Hueneme, California and Christchurch,
New Zealand. Direct support of Hero/Palmer Station operations
was coordinated through Chilean ship husbanding agencies.
During 1983-1984, 274 ANS employees deployed to Antarctica.
ANS also arranged deployment of 431 National Science Foun -
dation sponsored grantees affiliated with 96 research programs.

McMurdo Station. An ANS contingent arrived on winter fly-in
(wINFLY) aircraft to begin preparations for the upcoming field
Christchurch by 24 August, but because the weather was bad at
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season. Williams Field was reopened, a construction camp was
established at the site of Williams Field III, and pre-season
opening tasks were completed at McMurdo Station. During the
austral summer, ANS completed 699 work orders in support of
science projects. Among these were construction of a camp at
The Strand Moraines and construction of a new aquarium.
Major construction tasks included continued work on the new
water distillation plant, initial construction of a new salt-water
intake quay and extension of the existing sewer discharge quay,
and the emplacement of new structures at Williams Field III.
Other significant projects were the successful commissioning of
the International Maritime Satellite (INMARSAT) system, replace-
ment or repair of various communications antenna arrays by the
ANS antenna team and installation of a new base telephone
exchange. Functions newly assumed by ANS this season were
station landfill management and operation and maintenance
responsibility for 32 U.S. Antarctic Research Program build-
ings. As in past seasons, the Chalet, Berg Field Center, and
Eklund Biological Center provided direct assistance to scientific
researchers.

McMurdo Station began winter operations on 19 February.
South Pole Station. Efforts to improve South Pole Station-

facilities and operations continued during 1983-1984. The up-
grade of the station's electrical distribution system neared com-
pletion, with a rework of Skylab (the last major project)
scheduled for the 1984 winter. A power bypass between the
summer camp and the main station power plant was installed.
We made progress in station landscaping by removing snow
from primary access points and burying the old dump. The ANS
antenna team erected a new 30-meter meteorology tower near
the clean-air facility and installed a new antenna for improved
communications with Palmer Station. Major renovation projects
included leveling of the power plant module, reconstruction of
the garage floor and station bulkheads, and improvements to
the domestic water system. Principal science support tasks in-
cluded erection of a Jamesway complex for a French drilling
team, construction of a platform for a new telescope, and com-
pletion of a new optics room in Skylab. Another item of note
was the satisfactory performance of the hydrogen generator.
Since February 1983, almost all meteorological balloons have
been launched with hydrogen.

Austral winter operations began 11 February.
Siple Station. Work at Siple Station was directed toward pre-

paring the facility for a scheduled 2-year closure. We removed
the arch bulkheads and shaved the ice walls, leveled the mod-

ules, enlarged the food storage caves, and extended selected
station access points and exhaust structures. The entire summer
camp complex was disassembled. All components as well as
surface supply caches and vehicles were placed on high, spe-
cially constructed snow berms. All communications and se-
lected science antennas were either removed for storage or
secured to their towers. During the field season, Siple provided
refueling service to British Antarctic Survey Twin Otter air-
planes. In anticipation of future requirements, a refueling sys-
tem was installed for use by these aircraft while the station is
closed.

Siple Station was winterized and closed according to plan on
20 January.

Siple Coast Field Camp. A small field camp was established at
site "Upstream B" (83'31'S 138°05'W) in the Siple Coast area in
support of glaciological and geophysical investigations. The
camp, consisting of two Jamesways and a generator structure,
was constructed by ANs civil engineering personnel and then
operated by two ANS support employees for the duration of the
field season.

The camp, which is scheduled to reopen in November 1984,
was closed for the season on 25 January.

Palmer Station. Improvements to station facilities proceeded
according to schedule. The sea-water intake system was re-
designed, a new carpenter shop was completed and the old
shop was converted to a laboratory/dive locker, a new fire detec-
tion/alarm system was installed and a Jamesway was replaced
by a new prefabricated structure. Routine support was
provided to a full range of scientific programs.

The station began winter operations on 15 April.
RIV Hero. During the austral winter Rlv Hero completed four

cruises in the Patagonian Canals of southern Chile in support of
geological mapping studies. The vessel completed its annual
maintenance drydock period on schedule. After return to Pun-
ta Arenas, summer operations commenced and proceeded ac-
cording to plan with no time lost because of unscheduled main-
tenance. We supported shipboard biological science programs
which included sampling and diving to study krill and fish and
shore parties deploying to study bird and plant life. The Hero
made a midseason visit to Ushuaia, Argentina, the first port call
since early 1982.

The iIv Hero returned to Punta Arenas for standdown main-
tenance in late April.

These activities were funded by National Science Foundation
contract DPP 80-03801.

U.S. Navy Antarctic Development
Squadron Six activities, 1983-1984

W. H. BARTON and K. E. N0HE

U.S. Naznj Antarctic Development Squadron Six
Point Mugu, California 93042

Antarctic Development Squadron Six is assigned to provide
airlift support for the U.S. Antarctic Research Program. On 17
August 1983 Operation Deep Freeze 84 (the U.S. Navy compo-
nent of the U.S. Antarctic Program) began when three ski-

equipped LC-130 Hercules airplanes departed from the squad-
ron's homeport in Port Mugu, California. The mission, called
Operation Winter-Fly-in (WINFLY), was to transport to McMurdo
Station the personnel and materials required to prepare the
station for the austral summer operations.

The transit of the Pacific was uneventful for the three
LC-130's, but when they arrived in New Zealand, only one
plane was able to land in Christchurch because of deteriorating
weather conditions. The other two planes, one of which had
one engine secured, were diverted to Auckland where they
were both able to land successfully. The next day the LC-130
with the failed engine made a three-engine take-off and flew to
Christchurch with the other plane following.

The 1983 WINFLY was the most difficult WINFLY in recent mem-
ory. All personnel and materials were assembled at
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McMurdo Station, the first two of the six scheduled round-trip
flights to Antarctica had to be delayed for 2 days. The first two
flights were made on 26 August and one flight was made on 27
August; the remaining three flights were scheduled for 28 Au-
gust. All three LC-130's departed on schedule at 1 1/2-hour inter-
vals with good weather forecast for arrival at McMurdo Station.
However, after the last airplane passed the point of safe return,
the conditions at McMurdo Station began to deteriorate rapidly.
All three planes were committed to land at McMurdo faced with
zero ceiling, zero visibility, and winds gusting over 60 knots.
Hoping that weather conditions would improve, they circled
McMurdo Station until the fuel level became critical. No other
options were available; the three planes were forced to land in
the emergency white-out area. All three commanders executed
safe landings, a feat for which they were later cited and awarded
the Air Medal. Even the long taxi back to the field proved to be
perilous because one plane was running out of fuel just as it
reached the field. The crew and passengers took shelter until
the storm cleared the following day. The eventful WINFLY was
finally completed.

The summer support season officially began on 11 October
when the squadron departed from California. After a brief stay
in Christchurch to outfit personnel and airplanes for polar
operations, the Command shifted to McMurdo Station on 19
October. Only five LC-130's deployed initially. The sixth was
undergoing a major communications package update by Lock-
heed and did not arrive in Antarctica until 28 November.

On 3 October a C-141 airlift pre-positioned the helicopter
aircrew and maintenance personnel at McMurdo Station. Their
task was to de-winterize three UH-1N twin-engine Huey heli-
copters and to complete polar pilot and aircrew training. Dur-
ing the training period, Marble Point was also opened for
UH-1N refueling operations and support for a New Zealand
traverse party. Between 3 and 19 October, some science and
logistics missions were conducted on a not-to-interfere basis
with the training (such as the opening of Marble Point). Official
commencement of helicopter support operations began on 19
October. Within 2 weeks, the squadron had opened Vanda
Station, Byrd Surface Camp, South Pole Station, and Siple Sta -
tion. During Operation Deep Freeze 84, VXE-6 LC-130 airplanes
and UH-1N helicopters flew 4,637 flight hours carrying 5,682
passengers, over 3.3 million pounds of mail and cargo, and

306,278 gallons of fuel to, from, and around Antarc4ica.
The season was distinguished by a significant increase in

open-field work by the LC-130's. The largest project was Siple
Coast, a collective term applied to a combined glaciological
program working the coast located on the east side of the Ross
Ice Shelf. The work in this area consisted of four groups work-
ing from six camp locations, each supplied by LC-130 open-field
put-in's. Other U.S. projects included: (1) several aerial map-
ping/photography flights with a specially designed camera in
one LC-130, (2) open-field party put-in Allen Hills in search of
meteorite specimens, and (3) three Mount Erebus volcanic
plume study flights. VXE-6 LC-130 aircraft flew several flights
for the British Antarctic Survey, putting in a field party at Martin
Hills and establishing fuel caches at Siple Station, Mount Smart,
and Jones Mountain. An Ohio Range scientific survey put-in
was also accomplished by squadron LC-130's for New Zealand.
The project also included an airdrop of supplies in December.

VXE-6 provided the sole search and rcue (sAR) capability for
the U.S. Antarctic Research Program. No searches were neces-
sary during Operation Deep Freeze 84, but VXE-6 made numer-
ous rescues and medical evacuations. The UH-1N's rescued
scientific personnel from Allen Hills, Mount Erebus, Castle
Rock (in the McMurdo area), and the Erebus Glacier Tongue;
LC-130's evacuated several personnel from South Pole and
McMurdo Stations. The Pararescue Team stood ready
throughout the field season, but they were not called upon to
provide SAR or medical assistance.

The final helicopter flight was flown on 7 February 1984. The
LC-130's continued to transport fuel, cargo, and personnel to all
outlying stations until 11 February when South Pole Station
began winter operations. Siple Station was closed on 20 January
and is not scheduled to be occupied until November 1985.

Flight operations for Deep Freeze 84 were completed on 19
February with the summer close-out of McMurdo Station.
While in Christchurch on 19 February, the squadron partici-
pated in the Christchurch International Airport Aircraft Display
Show. On 20 February, the squadron departed for NAS Point
Mugu, California. All planes made the transit uneventfully
with the last plane arriving at Point Mugu on 22 February.
Following an all-hands safety standdown, the squadron began
the summer training cycle in preparation for Operation Deep
Freeze 85.

Back cover. This fossil (Chasmocarcinus seymourensis Feldmann and Zinsmeister, 1984), one of the first fossil crabs found in Antarctica,
represents the first occurrence of the genus In the fossil record. The species is only one of several unique discoveries of decapod crustaceans
on Seymour Island. (Photo by Rodney M. Feldmann, Kent State University.)
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